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The paradox of Pakistan 


How to avoid the mistakes of the past. 


fledged military coup. In 1958, it fell to General Mohammad 

Ayub Khan to “save the nation” from what he called “discred- 
ited politicians’, and later to offer himself up for election to consoli- 
date his power. Today’s general is a different one, but the justification 
for continued martial law sounds depressingly familiar. 

Such governance may be undemocratic, but both science and edu- 
cation tend to receive more investment when the generals — backed 
by generous aid from the United States — are in power than when a 
elected party is in control. It is no accident that many of the country’s 
scientifically most productive institutions were established during 
the US-backed army rule of General Ayub Khan, again under Zia 
ul-Haq’s rule in the 1980s and now under Pervez Musharraf. 

Elected governments led by both Benazir Bhutto and Nawaz Sharif 
placed science among their lowest priorities. That reflected mistaken 
thinking that science is an unnecessary luxury in so poor a country, 
as well as the tendency of these rulers to fill science and education 
posts with friends in need of patronage. But it is widely accepted that 
science should have an important role in countries such as Pakistan, 
helping to develop a skilled population, build robust institutions and 
assist rational policy-making. 

Washington’s relationship with Pakistan has been dictated mostly 
by US priorities in foreign policy. Today, Musharraf is favoured 
because of his opposition to the Taliban and al-Qaeda. Back in the 
1980s, Pakistan under military rule was rewarded by the Reagan 
administration for taking a frontline role in the war against the 
Soviet-backed takeover of Afghanistan. 

Although Pakistan has pressed ahead with its nuclear-weapons 
programme, the country’s administrations have proved reluctant 
to spend much of their own money on non-military research, rely- 
ing instead on US largesse. But this creates problems, as one former 
minister of agriculture puts it: “When the Americans need us, they 
shower us with riches. We spend like there is no tomorrow. When 
they leave, we are unable to maintain our new scientific palaces, and 
our institutions begin to crumble? 

And so, with yet another US-backed Pakistani military ruler in 
trouble, will history repeat itself? General Musharraf has shown that 
he is a ruthless military dictator. In the past four weeks, he has shut 


\ ext year will be the 50th anniversary of Pakistan’s first fully 


down the country’s independent media, locked up thousands of his 
political opponents and sacked an increasingly independent-minded 
judiciary. 

But there is another side to the eight years of his rule. In that time, 
some 2,000 students have been sent abroad for PhD training; there 
has been a 60-fold increase in the science budget. Pakistan has 12 
million Internet users, and mobile phones 


“ 3 
are in the hands of 65 million people. And Pakistan has 
a large university building programme is proved reluctant 
under way. Some of this is down to Atta- to spend much 


ur-Rahman, Musharraf’s right-hand man 
and head of the country’s Higher Educa- onnon-military 
tion Commission. ‘i 

Yet, if the past is to be our guide, then research. 
entities that will see their budgets cut after elections on 8 January could 
include the university expansion scheme and the science ministry. The 
money set aside for maintaining information, computer and telecom- 
munications infrastructure might also be redeployed. An innovative 
scheme to invite foreign faculty members to Pakistan might be in trou- 
ble. And some of the students sent abroad for PhDs will be reluctant to 
return home if the research environment reverts to what it used to be. 

There are, of course, many important differences between today’s 
Pakistan and the military dictatorships of old: for the moment, Gen- 
eral Musharraf, who was expected to step down as head of the army 
this week, may remain a player in any future political scenario. If this 
happens, Rahman is likely to stay in his job and continue with the 
reforms. And Musharraf has appointed the highly regarded Shams 
Kassim Lakha, former president of the Aga Khan University in Kara- 
chi, to head the Ministry of Science and Technology. 

But Musharraf’s survival in any position of power is by no means 
assured. There is talk of his removal by the army in a counter-coup. 
There have also been several attempts on his life. None of his military- 
president predecessors had any lasting democratic role. 

The bottom line is that both Pakistan’s incoming rulers and their 
foreign supporters want a stable and secure Pakistan. Many of the 
existing reforms to science and higher education are crucial to both 
these aims. If these reforms were allowed to stagnate or die, no one’s 
interests will served, least of all those of Pakistan. r 


of its own money 


An inconvenient truth 


Research on human embryonic stem cells must go on. 


21 November featured a statement from research minister 
Annette Schavan. She was responding to the publication of two 
studies in which scientists had reprogammed mature adult human 
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cells to behave in a similar way to embryonic stem cells. The findings, 
she said, vindicated her preference for adult stem-cell research and 
reprogramming over work on human embryonic stem cells. After 
all, who needs embryonic cells if it is possible to flick a switch in skin 
cells to make them a source of virtually any type of cell for perfectly 
matched tissue replacement? 

In the studies in question, researchers at two laboratories repro- 
grammed mature skin cells, giving them the characteristics of human 
embryonic stem cells so that they could be coaxed to differentiate 
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into other cell types, such as neurons or heart cells (K. Takahashi et 
al. Cell doi:10.1016/j.cell.2007.11.019; 2007 and J. Yu et al. Science 
doi:10.1126/science.1151526; 2007). 

Around the world, opponents of human embryonic stem-cell 
research such as Schavan have leapt on these results to justify their 
support of tight controls on the work. But this is exactly the wrong 
time to constrain research on human embryonic stem cells, which 
for one thing will be required to help scientists work out how best to 
coax adult cells into becoming new tissues. Both labs say that they 
could not have made their breakthrough without the work that has 
been done on embryonic stem cells. 

Stem-cell scientists have acclaimed the latest results, while acknowl- 
edging that they represent only a first step, and that many issues need 
to be resolved before there is any chance of applications in the clinic. 
James Thomson of the University of Wisconsin-Madison, one of the 
scientists who first isolated human embryonic stem cells and co- 
author on one of the recent studies, chose this moment to expand 
publicly on his qualms about using human embryonic stem cells. And 
Ian Wilmut of the University of Edinburgh, UK, whose team created 
Dolly the sheep, the first cloned mammal, says that he is abandoning 
plans to work on human embryonic stem cells. 

Many stem-cell scientists share this general unease, both because 
of the dilemma of working with embryos and because women must 


donate eggs for the process, in a highly invasive procedure. But they 
have nonetheless gone ahead with such work because they see it as 
scientifically necessary if clinical benefits are to be derived any time 
soon from our growing understanding of cellular differentiation. 

These scientists are not oblivious to the ethical issues and they 
are not merely indulging personal 
fascination. They have not denied the 
importance of doing research on adult 
stem-cells and reprogramming in 
parallel. It would be a relief for them 
if all the scientific problems had been 
solved in the papers published last week 
— abandoning work on human embryonic stem cells would allow 
them to operate with a clear conscience and without having to defend 
their work all the time. 

From the researchers’ viewpoint, the debate surrounding human 
embryonic stem-cell research has some parallels with that on ani- 
mal research. Many would be delighted to abandon the bureaucracy, 
cost and general inconvenience of doing contentious work. Where 
genuine alternatives are available, researchers will grasp them. Just as 
soon as there is no scientific need to work on embryonic stem cells, 
researchers will design their experiments to use much easier material. 
But that moment has not yet arrived. 7 


"This is exactly 

the wrong time to 
constrain research 
on human embryonic 
stem cells.” 


The big picture 


Europe needs to find a way to prioritize and 
build large scientific facilities. 


for the prioritization and construction of scientific facilities that 

are large enough to require continent-wide collaboration. One 
such case is the current stalemate over a proposed neutron-science 
facility, the European Spallation Source (ESS). 

Although X-rays from synchrotrons can be used to probe struc- 
tures, neutrons are particularly sensitive to light atoms and so can 
provide a fuller picture of important crystals and molecules. Accord- 
ing to some estimates, Europe is home to roughly two-thirds of the 
world’s 6,000 neutron scientists. But they lack a state-of-the art 
neutron source on a par with the Spallation Neutron Source cur- 
rently being commissioned at the Oak Ridge National Laboratory 
in Tennessee. 

Germany decided back in 2002 that it would not provide the funds 
necessary to host the facility. Now Sweden says that it would like 
to host it, and a joint bid by Spain and Hungary would use Euro- 
pean Union (EU) infrastructure funding to finance a site in one of 
the two countries. But in the absence of an effective framework to 
share the construction and operating costs for such a facility between 
the nations that would use it, construction is unlikely to begin any 
time soon. 

The larger European nations have effective systems of their own 
for selecting and building research facilities. In Britain, for example, 
the scientific research councils cooperate to create a facilities road 
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map. But since the European Commission developed its own research 
policy, supplanting the patchwork of discipline-specific research col- 
laborations that had developed between European nations, there has 
been no effective mechanism for the construction of larger facilities 
to serve the whole continent. 

The seventh Framework Programme for funding research, for 
example, which runs until 2013, makes no provision for the con- 
struction of facilities. The European Strategy Forum on Research 
Infrastructures, an ad hoc group of senior research administrators 
from constituent countries, has already agreed on a list of European 
facilities, including the ESS, that scientists want to see built. But there 
is currently scant prospect of this list being converted into an actual 
construction schedule. That’s mainly because EU member states — 
especially major ones such as Britain and Germany — are reluctant 
to release any of their existing national resources into a Europe-wide 
facilities pot. 

The research ministers of the larger member states (backed by their 
own senior research administrators — and by many senior research- 
ers in their own countries) are loathe to endorse a wishlist whose very 
existence might result in money that is currently spent on national 
grants and facilities being siphoned off to pay for major facilities in 
far-off lands. 

This reluctance is perfectly understandable — but it has to be over- 
come if Europe is going to build large, general-purpose research facil- 
ities, such as the ESS. Another committee — the European Research 
Area Board — is currently being established, and should be well- 
positioned to prioritize the construction of such facilities and then to 
promote these priorities. But perhaps what is needed most is a more 
constructive attitude towards such collaborations from the larger EU 
member states. r] 
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Taming the transposon 
Science 318, 1302-1305 (2007) 


Two proteins that help plants to develop optimally for their 
light environment may have evolved from ‘jumping genes’, 
called transposons, researchers have found. 

Many plants use proteins known as phytochromes to sense 
and respond to red (and far-red) light. Two proteins involved 
in phytochrome signalling, FAR1 and FHY3, are encoded by 
DNA sequences similar to the sections of transposons that 
enable them to jump around the genome. These sections 
encode enzymes known as transposases. 

Haiyang Wang at the Boyce Thompson Institute for Plant 
Research in Ithaca, New York, and his colleagues report that 
FART- and FHY3-like genes are intermingled with transposase 
genes in many flowering plants — and that the FAR1 and 
FHY3 proteins turn on other genes required for phytochrome 
signalling. They suggest that transposons may have provided 


plants to respond sensitively to light. 


the nuclei of Arabidopsis thaliana root cells. 


a supply of ‘control’ genes in evolution, enabling flowering 


The image shows FHY3 protein (green) accumulated in 


NANOELECTRONICS 


Carbon patchwork 


Nano Lett. 7, 3394-3398 (2007) 

Graphene — single sheets of graphite-like 
carbon — has been hailed as a microelectronic 
wonder material. Richard Kaner and his team 
at the University of California, Los Angeles, 
have come up with a novel way of making 
films of the two-dimensional electrical 
conductor that can be patterned into circuits 
only a few nanometres thick. 

Previous approaches to such manufacture 
have involved stripping down graphite layer 
by layer or heating silicon carbide to extreme 
temperatures. By oxidizing graphite and 
then using water to separate the product into 
individual flakes the team has come up witha 
simpler and cheaper method. Graphite oxide 
flakes are sprayed onto a heated surface and 
reduced back into graphene using hydrazine. 
Overlapping flakes create a continuous 
patchwork, from which the team has made 
tiny transistors. 


STRUCTURAL BIOLOGY 
Sneaking in 


Nature Struct. Mol. Biol. doi: 10.1038/nsmb1342 
(2007) 
Researchers have solved the structure of the 
protein that allows the measles virus to bind 
and enter host cells. The finding may provide 
a template for the design of drugs that block 
the virus’s entry. 

Christopher Garcia and his colleagues 
at Stanford University School of Medicine 
in California crystallized the virus’s 
haemagglutinin protein. They report that 
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it is folded like another class of protein, the 
neuraminidases, despite limited sequence 
and functional similarity to that group. 

Haemagglutinin’s structure resembles a 
propeller, with six blades around a cavity. 
Amino acids that have a crucial role in 
binding to host-cell receptors are located 
outside the rim of the cavity. 


POPULATION BIOLOGY 


Polar bare 


Proc. R. Soc. B doi:10.1098/rspb.2007.1307 (2007) 
When a declining population becomes 
too thinly spread, the sheer unlikelihood 
of meeting a potential mate will reduce 
reproductive success and hasten the decline. 
The possibility of this phenomenon — the 
Allee effect — affecting polar bears has been 
modelled by Péter Molnar of the University 
of Alberta in Canada and his colleagues. 

In Canada, selective hunting of male 
polar bears has reduced the ratio of males to 
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females available to mate — that is, without 
cubs. Using population data from Lancaster 
Sound, in Nunavut, collected annually 
between 1993 and 1997, the team predicts 
at what point, as the overall population falls, 
male scarcity would lower fertilization rates. 
Should the Lancaster Sound population 
decrease by two-thirds and maintain its 
current sex ratio, Molnar and his team 
predict that only 81% of females would mate 
successfully — compared with an estimated 
99% today. 


QUANTUM PHYSICS 
Mini mysteries 


Nature Photon. doi:10.1038/nphoton.2007.227 
(2007) 
Researchers have designed a quantum dot 
that emits high-frequency streams of single 
photons, a breakthrough in the field of 
quantum cryptography. 

Streams of photons, the particles that 
carry light, are fundamental components in 
quantum information science, and could be 


used to exchange cryptographic keys that foil 


eavesdroppers. 

Stefan Strauf and his team at the 
University of California, Santa Barbara, 
measured an output of 4 million photons 
per second from their semiconductor 
device. This outstrips previous methods 
for generating single photons, which have 
managed up to about 200,000 photons 
per second. A more powerful source laser 
plus a perfect detector, they say, promises 
rates higher than 100 million per second 
— close to making the exchange of quantum 
information practical. 
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PHYSICS 
Picking the packing 


New J. Phys. 9, 406 (2007) 
Mathematicians still cannot explain 
why spheres take on a range of packing 
arrangements — some loose, some tight— 
when they fill a fixed volume randomly. But 
physicists can now control the arrangement 
formed by small ferromagnetic beads. 
Geoffroy Lumay and Nicolas Vandewalle 
at the University of Liege in Belgium report 
tuning the beads’ packing by applying 
magnetic fields. Turning up the magnetic force 
increases repulsion between the beads and 
thus forces them into a looser configuration. 
As the magnetic forces are removed, the beads 
slip into tighter arrangements. This technique 
could become important for engineers 
designing emulsions because knowing 
the number of droplets in a given volume 
permits an emulsion’ viscosity, among other 
properties, to be accurately determined. 


ECOLOGY 
Blue-sky thinking 


Geophys. Res. Lett. 34, L20707 (2007) 
The growing frequency of wildfires in the 
western United States has been attributed 
to increasing temperatures and drought 
conditions, often linked to global warming. 
But two geographers in North Carolina 
believe that there is a third important factor in 
the northern Rocky Mountains: fewer storms. 
Paul Knapp of the University of North 
Carolina at Greensboro and Peter Soulé of 
Appalachian State University pored over 
more than a century's weather records. They 
noticed that major mid-latitude cyclones, 
which bring precipitation and cooler 
temperatures, are arriving later in the year 
and occurring less often. 
The trend was gradual for most of 
the twentieth century but became more 
pronounced in the 1980s — corresponding 
to sharp changes in wildfire statistics, 
which have been kept over six decades. This 
relationship explains about a fifth of the rise 
in wildfire activity, the authors estimate. 


PSYCHOLOGY 


Mind and memory 


Science 318, 1257 (2007) 

A trait called ‘theory of mind involves being 

able to infer the current mental states of others. 

This has been thought to require the ability 

to imagine a personal experience occurring 

in other contexts on the basis of remembered 

events. But the link has proved difficult to test. 
Shayna Rosenbaum and her co-workers, 


from the York University and Rotman 
Research Institute in Toronto, Canada, did 
just that — and debunked the assumption. 
They gave a range of tests to two patients with 
rare brain injuries that cost them the ability to 
recall personal experiences but not the facts 
they learned before becoming brain damaged. 
The tests assessed how well they could reason 
about the thoughts and feelings of others and 
their scores were indistinguishable from those 
of 14 control subjects. 


ANTHROPOLOGY 


Jade trade 


Proc. Natl Acad. Sci. USA doi:10.1073/ 
pnas.0707304104 (2007) 

Lingling-o, three-pointed jade ornaments 
worn as ear pendants across Southeast 

Asia (pictured below), were spread by 
seafaring traders in the South China Sea. 
And, suggest Hsiao-Chun Hung, of the 
Australian National University in Canberra, 
and her colleagues, they may have brought 
Austronesian languages with them. 


By working out the elemental composition 
of 144 jade ornaments, which were mostly 
recovered in archaeological digs, the authors 
show that at least 116 examples were carved 
out of stone from eastern Taiwan. Given where 
the ornaments were found, this implies that 
jade was traded throughout a 3,000-kilometre- 
wide region encompassing the Philippines, 
and parts of Malaysia, Vietnam, Cambodia 
and Thailand, between 500 Bc and ap 500. 

Because the distribution of lingling-o 
reflects that of Austronesian languages, 
which are spoken by about 350 million 
people in Southeast Asia and Oceania 
today, the researchers propose that itinerant 
craftsmen may have carried the jade to other 
Austronesian-speaking settlements or helped 
spread the languages with their trade. 
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Ursula Euteneuer 
Adolph-Butenandt Institute, 
University of Munich, Germany 


Unexpected links between 
cellular organelles continue to 
unfold. 


Asa graduate student, | was 
intrigued by centrioles. Their 
beautiful ninefold symmetry, 
occurrence in pairs and positioning 
at the heart of the cell —asa 
constituent of the microtubule- 
organizing centrosome — made 
them appear significant. But how 
they are built and replicated, and 
even their true purpose in cell 
division, remained enigmatic. 

Adding to my fascination was 
the fact that, in my cultured cells, 
one of the centrioles often acted 
as an anchor, or basal body, for 
acilium-like appendage — even 
though the endothelial cells | used 
were not thought to ever have cilia. 

Once considered a biological 
oddity, these stubby, non-motile 
‘primary’ cilia are now known to 
be present in most cells of the 
human body (see www.bowserlab. 
org/primarycilia/cilialist.html) and 
probably serve as essential sensors 
whose disturbance is linked to a 
growing list of diseases. 

| have always wondered 
whether there is an additional 
functional link between centrioles 
and primary cilia. A recent paper 
(A. Robert et al. J. Cell Sci. 120, 
628-637; 2007) shows that a 
protein involved in the biogenesis 
of primary cilia is also a bona fide 
constituent of the centrosome. 
Moreover, this centrosomal/ 
ciliary component is tied into the 
regulation of the cell cycle. 

This finding joins a series of 
recent discoveries of proteins that 
are both centrosomal and ciliary. 
Taken together, these studies are 
revealing a truly novel functional 
link: centrioles are there to make 
primary cilia; primary cilia act as 
sensors of external stimuli; and, 
as other studies have shown, 
external stimuli can regulate cell 
proliferation. So the mysterious 
organelles of my graduate student 
days are being demystified, but 
the story that unfolds turns out to 
be even more fascinating than | 
expected. 


Discuss this paper at http://blogs. 
nature.com/nature/journalclub 
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NEWS 


Loopholes in oversight rules revealed 


Documents released under the Freedom of 
Information Act raise questions about how 
the US Department of Energy (DOE) over- 
sees investigations of misconduct at its science 
facilities. During such oversight, government 
officials do not always retain records of the 
investigations, it has emerged. 

DOE officials overseeing an investigation 
into alleged misconduct at Oak Ridge National 
Laboratory in Tennessee approved the investi- 
gatory panel’ findings at a meeting that gov- 
ernment officials left without keeping copies 
of key investigative records. This is according 
to a 13 November ruling by attorneys at the 
DOE — issued in response to a Freedom of 
Information Act request by this reporter. 

The story begins in March 2006, when a 
reviewer for the journal Nature Physics alleged 
that a manuscript submitted by Oak Ridge 
researchers in the group headed by electron 
microscopist Stephen Pennycook contained 
inappropriately manipulated data. An inves- 
tigation panel convened by the lab’s deputy 
director for science and technology, James 
Roberto, exonerated Pennycook and others of 
wrongdoing in July 2006, but other scientists 
expressed doubts (see Nature 444, 129; 2006). 
In January this year, the DOE said that Oak 
Ridge, which is run by the not-for-profit com- 
pany UT-Battelle under a 5-year, US$6.3-bil- 
lion contract, had reopened the investigation. 
“Once again, the committee concluded there 
was no evidence of misconduct,’ an Oak Ridge 
spokesman told Nature. 

According to the November ruling, DOE 
officials approved this first finding at a meet- 
ing last year with lab officials where they were 


Government officials oversaw a misconduct 
investigation at Oak Ridge National Laboratory. 


shown copies of a panel’s investigation report 
in binders marked “do not duplicate’, and 
reviewed the process that the panel used to 
arrive at its finding of “no misconduct”. The 
lab officials then took the binders back, the rul- 
ing says. It adds that although the DOE officials 
felt that it was “very important” to confirm the 
panel was objective and composed of people 
who did not work at Oak Ridge, they apparently 
did not keep a record of who those investigators 
were. Last week, Oak Ridge named Paul Peercy 
of the University of Wisconsin-Madison and 
David Williams of the University of Alabama 
in Huntsville, as two panel members. 

“Copies of the report were returned as is nor- 
mal practice with confidential documents,” says 
Oak Ridge’s spokesman, Mike Bradley. “Depart- 
ment of Energy officials were not at any time 
restricted from access to the report; he adds. 

The freedom-of-information ruling cites a 
standard clause in the contract between the DOE 
and UT-Battelle as evidence that the company 


“clearly intended to retain control over the report 
of investigation”. That clause says that records 
relating to investigations “conducted under an 
expectation of confidentiality” will be considered 
the contractor’s property. In 2005, Raymond 
Orbach, director of the DOE Office of Science 
widened the clause to cover misconduct reports 
from all US national labs run by the DOE. 

In the Oak Ridge case, the DOE did later 
receive a copy of the investigation report, which 
the recent ruling orders Orbach’ office to con- 
sider for public release — overruling his deputy, 
Patricia Dehmer, who had refused to do so. But 
Oak Ridge says that it was sent not for oversight 
but “for informational purposes only”. 

“Can a government agency fulfil its oversight 
responsibilities with this degree of access?” asks 
C. K. Gunsalus, an attorney and misconduct 
expert at the University of Illinois at Urbana- 
Champaign. She says that other science-fund- 
ing agencies employ oversight experts who 
routinely receive and retain not only inves- 
tigation reports, but the data at issue and the 
names of people involved, and analyse these 
in detail — a process that for a complex case 
might well take longer than one meeting. 

Bioethicist Arthur Caplan of the University of 
Pennsylviania, Philadelphia, says he can’t under- 
stand why the DOE introduced a rule relinquish- 
ing control of investigation reports. “Why would 
they give up supervisory powers?” he asks. 

Officials in Orbach’s office plan to meet this 
week to discuss the matter. a 
Eugenie Samuel Reich 


13 November ruling 
> www.oha.doe.gov/cases/foia/tfa0213.pdf 


OAK RIDGE NATLLAB. 


Deforestation on the agenda at climate meeting 


Deforestation issues must be 
included in global talks on carbon- 
emissions control, experts say. 
European companies seeking 
to offset their greenhouse-gas 
emissions under the Kyoto Protocol 
are pumping billions of dollars 
into clean-energy projects in the 
developing world. But the protocol 
does not include funding initiatives 
to prevent deforestation, which is 
responsible for some 20% of global 
carbon emissions. 
Eyeing an economic opportunity 
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that could put money in the hands 
of those who preserve native 
forests rather than chop them 
down, tropical countries are now 
banding together to alter the rules 
after the Kyoto accord expires in 
2012. The first step is to ensure that 
deforestation is on the agenda at 
Bali, Indonesia, where international 
negotiators will gather next week 
for the latest round of United 
Nations climate-change talks. 

“All of the big countries [with 
tropical forests] have gotten 


together to tell the world that they 
support the same fundamental 
idea," says Doug Boucher, who 
works on the issue for the Union 

of Concerned Scientists, an 
environmental watchdog based 

in Cambridge, Massachusetts. 
Boucher points out that Indonesia 
has become an international leader 
on the issue despite being virtually 
absent from the debate just six 
months ago. “We may look back on 
this in a couple of years as having 
been a turning point,” he says. 
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The idea that deforestation 
must be addressed in any cohesive 
response to global warming is not 
new. Although reforestation projects 
were allowed during the Kyoto 
deliberations a decade ago, the 
question of halting deforestation was 
dropped, largely because of technical 
questions. How does one verify a 
decline in deforestation? And how 
can anyone be sure that the problem 
hasn't just moved elsewhere? 

Adecade after the Kyoto talks, 
advocates say the issue is ready 
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Safer way to make human 
stem-like cells revealed 


Shinya Yamanaka of Kyoto University in 
Japan has refined his method for making 
human skin cells behave like embryonic 
stem cells so that it does not use a cancer- 
causing agent. 

Late last month, Yamanaka reported 
making pluripotent cells — cells that can turn 
into any of the roughly 220 cell types in the 
body — by using retroviruses to carry four 
genes into human skin cells (K. Takahashi et 
al. Cell 131, 861-872; 2007). The four genes 
reprogrammed the cells into a state similar 
to that of cells in the early embryo. But one of 
the genes used to make the cell lines is c-myc, 
which can cause cancer. 

Yamanaka has now shown that he can 
make these ‘induced pluripotent stem 
cells’ in both humans and mice by using 
just three factors — not including c-myc 
(M. Nakagawa et al. Nature Biotechnol. 
doi:10.1038/nbt1374; 2007). 


Risk analysis for Boston 
lab slammed as ‘shoddy’ 


AUS government safety assessment 
supporting the location of an infectious- 
disease lab in Boston was “not sound and 
credible’, says a report issued last week by 
the US National Research Council. 

Construction of the $178-million Boston 
University National Emerging Infectious 
Diseases Laboratory is due to finish in 2008, 
but one state and one federal lawsuit are 
challenging its opening. The facility will 
house research on deadly pathogens such 
as the Ebola and monkeypox viruses. 

The report’s criticisms are aimed at a 
document, released by the US National 
Institutes of Health (NIH) in July, that 
evaluated the facility’s potential threat to 
its neighbours. It finds that the worst-case 


scenarios proposed by the NIH, including 
an Ebola outbreak caused by an infected lab 
worker, were not relevant to assessing the 
true risk. Pathogens with more potential 

to spread, such as influenza, should have 
been chosen, the report says. It adds that the 
NIH assessment suffers from shoddy risk 
analysis and modelling. The NIH says it will 
consider the report. 


AIDS worker's misconduct 
ban belatedly comes to light 


Scott Brodie, a former researcher at the 
University of Washington in Seattle, allegedly 
committed misconduct when doing AIDS 
research there in the late 1990s and early 
2000s, and was banned from working for the 
university, according to The Seattle Times. 
The news emerges only now because 
the newspaper had to win a court case 
to get a copy of the 2003 report of the 
investigation. Brodie, under the name John 
Doe, reportedly sued the university and the 
newspaper to prevent release of the report. 
Brodie left the university in summer 2003 
and is currently employed by drug company 
Schering-Plough, based in Kenilworth, New 
Jersey. A spokesman for the company says 
that it has just learned of the investigation. 
According to one of the university 
investigators, geneticist Denny Liggitt, the 
report was handed to the National Institutes 
of Health’s Office of Research Integrity. 


European satellite system 
is back on the launch pad 


European transport ministers have revived 
plans for the Galileo satellite-navigation 
project. The decision comes almost six 
months after the collapse of a public-private 
consortium to build the €3.4-billion 
(US$5-billion) network of 30 satellites. 
Under the new agreement, the European 


Endangered species cling on as rulings are overturned 


The US government has revised seven decisions made by 
a former official who worked on the Endangered Species 
Act. Julie MacDonald resigned from the Fish and Wildlife 
Service in May after it emerged that she pressured agency 
scientists, and solicited advice on decisions from a friend 


inthe online game World of Warcraft. 


Preble's meadow jumping mouse (Zapus hudsonius 
preblei) will not now lose its listing, but will be considered 
threatened only in Colorado Cit is also found in Wyoming). 
Twelve endangered species of Hawaiian picture-wing 
fly will be able to stretch out in ‘critical habitats’ larger 
than the 0.4 hectares per species designated for them 
by MacDonald. And decisions affecting several other 
species, including the white-tailed prairie dog (pictured) 
and the arroyo toad, have been deemed flawed. But 
research needed to revise some of these decisions will 


be carried out only if funding can be found. 
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Europe's GIOVE-B is being readied for launch. 


Union will provide an additional 

€2.4 billion in unused agricultural funds 
to finance the system. The decision came 
despite opposition from Spain, which 
sought a larger stake in the venture. 

Now that funding is confirmed, it will 
be up to the member states to decide how 
contracts will be awarded for the project, 
says Kai-Uwe Schrogl, secretary-general 
of the European Space Policy Institute in 
Vienna. “This is now a new game, he says. 

So far, only a single test satellite in 
the Galileo system, GIOVE-A, has been 
launched. A second, GIOVE-B, has faced 
repeated delays and is expected to launch in 
spring next year. 


Californian stem-cell 
directors to be investigated 


California officials may investigate potential 
conflicts of interest in the state’s $3-billion 
stem-cell initiative. 

State Controller John Chiang has asked for 
the Fair Political Practices Committee to look 
into accusations against Robert Klein, the 
chairman, and John Reed, a board member, 
of the California Institute for Regenerative 
Medicine (CIRM) in San Francisco. A public 
advocacy group has also called for both to 
resign after it emerged that Reed, on Klein’s 
advice, asked the CIRM to reconsider a 
grant decision involving a researcher at the 
Burnham Institute in La Jolla. 

Reed is president of the Burnham 
Institute and intervened after the CIRM 
decided to rescind a previously awarded 
$638,000 grant to a researcher who was 
not an on-site, full-time employee of the 
Burnham Institute. 

Klein says he now realizes that Reed 
should never have written the letter, and 
that he looks forward to the investigation. 
“We welcome guidance so that we can 
learn, he says. 


Clarification 

The News story ‘Loopholes in oversight rules 
revealed’ (Nature 450, 590; 2007) referred 

to aruling issued by US Department of 

Energy attorneys in response to a Freedom of 
Information Act request. We would like to make 
it clear that the documents that were the subject 
of that request have not been released. 


775 


NEWS 


Loopholes in oversight rules revealed 


Documents released under the Freedom of 
Information Act raise questions about how 
the US Department of Energy (DOE) over- 
sees investigations of misconduct at its science 
facilities. During such oversight, government 
officials do not always retain records of the 
investigations, it has emerged. 

DOE officials overseeing an investigation 
into alleged misconduct at Oak Ridge National 
Laboratory in Tennessee approved the investi- 
gatory panel’ findings at a meeting that gov- 
ernment officials left without keeping copies 
of key investigative records. This is according 
to a 13 November ruling by attorneys at the 
DOE — issued in response to a Freedom of 
Information Act request by this reporter. 

The story begins in March 2006, when a 
reviewer for the journal Nature Physics alleged 
that a manuscript submitted by Oak Ridge 
researchers in the group headed by electron 
microscopist Stephen Pennycook contained 
inappropriately manipulated data. An inves- 
tigation panel convened by the lab’s deputy 
director for science and technology, James 
Roberto, exonerated Pennycook and others of 
wrongdoing in July 2006, but other scientists 
expressed doubts (see Nature 444, 129; 2006). 
In January this year, the DOE said that Oak 
Ridge, which is run by the not-for-profit com- 
pany UT-Battelle under a 5-year, US$6.3-bil- 
lion contract, had reopened the investigation. 
“Once again, the committee concluded there 
was no evidence of misconduct,’ an Oak Ridge 
spokesman told Nature. 

According to the November ruling, DOE 
officials approved this first finding at a meet- 
ing last year with lab officials where they were 


Government officials oversaw a misconduct 
investigation at Oak Ridge National Laboratory. 


shown copies of a panel’s investigation report 
in binders marked “do not duplicate’, and 
reviewed the process that the panel used to 
arrive at its finding of “no misconduct”. The 
lab officials then took the binders back, the rul- 
ing says. It adds that although the DOE officials 
felt that it was “very important” to confirm the 
panel was objective and composed of people 
who did not work at Oak Ridge, they apparently 
did not keep a record of who those investigators 
were. Last week, Oak Ridge named Paul Peercy 
of the University of Wisconsin-Madison and 
David Williams of the University of Alabama 
in Huntsville, as two panel members. 

“Copies of the report were returned as is nor- 
mal practice with confidential documents,” says 
Oak Ridge’s spokesman, Mike Bradley. “Depart- 
ment of Energy officials were not at any time 
restricted from access to the report; he adds. 

The freedom-of-information ruling cites a 
standard clause in the contract between the DOE 
and UT-Battelle as evidence that the company 


“clearly intended to retain control over the report 
of investigation”. That clause says that records 
relating to investigations “conducted under an 
expectation of confidentiality” will be considered 
the contractor’s property. In 2005, Raymond 
Orbach, director of the DOE Office of Science 
widened the clause to cover misconduct reports 
from all US national labs run by the DOE. 

In the Oak Ridge case, the DOE did later 
receive a copy of the investigation report, which 
the recent ruling orders Orbach’ office to con- 
sider for public release — overruling his deputy, 
Patricia Dehmer, who had refused to do so. But 
Oak Ridge says that it was sent not for oversight 
but “for informational purposes only”. 

“Can a government agency fulfil its oversight 
responsibilities with this degree of access?” asks 
C. K. Gunsalus, an attorney and misconduct 
expert at the University of Illinois at Urbana- 
Champaign. She says that other science-fund- 
ing agencies employ oversight experts who 
routinely receive and retain not only inves- 
tigation reports, but the data at issue and the 
names of people involved, and analyse these 
in detail — a process that for a complex case 
might well take longer than one meeting. 

Bioethicist Arthur Caplan of the University of 
Pennsylviania, Philadelphia, says he can’t under- 
stand why the DOE introduced a rule relinquish- 
ing control of investigation reports. “Why would 
they give up supervisory powers?” he asks. 

Officials in Orbach’s office plan to meet this 
week to discuss the matter. a 
Eugenie Samuel Reich 


13 November ruling 
> www.oha.doe.gov/cases/foia/tfa0213.pdf 
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Deforestation on the agenda at climate meeting 


Deforestation issues must be 
included in global talks on carbon- 
emissions control, experts say. 
European companies seeking 
to offset their greenhouse-gas 
emissions under the Kyoto Protocol 
are pumping billions of dollars 
into clean-energy projects in the 
developing world. But the protocol 
does not include funding initiatives 
to prevent deforestation, which is 
responsible for some 20% of global 
carbon emissions. 
Eyeing an economic opportunity 
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that could put money in the hands 
of those who preserve native 
forests rather than chop them 
down, tropical countries are now 
banding together to alter the rules 
after the Kyoto accord expires in 
2012. The first step is to ensure that 
deforestation is on the agenda at 
Bali, Indonesia, where international 
negotiators will gather next week 
for the latest round of United 
Nations climate-change talks. 

“All of the big countries [with 
tropical forests] have gotten 


together to tell the world that they 
support the same fundamental 
idea," says Doug Boucher, who 
works on the issue for the Union 

of Concerned Scientists, an 
environmental watchdog based 

in Cambridge, Massachusetts. 
Boucher points out that Indonesia 
has become an international leader 
on the issue despite being virtually 
absent from the debate just six 
months ago. “We may look back on 
this in a couple of years as having 
been a turning point,” he says. 
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The idea that deforestation 
must be addressed in any cohesive 
response to global warming is not 
new. Although reforestation projects 
were allowed during the Kyoto 
deliberations a decade ago, the 
question of halting deforestation was 
dropped, largely because of technical 
questions. How does one verify a 
decline in deforestation? And how 
can anyone be sure that the problem 
hasn't just moved elsewhere? 

Adecade after the Kyoto talks, 
advocates say the issue is ready 
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HAVE YOUR SAY 
Comment on any of our 
news stories, online. 
www.nature.com/news 


Brazil to boost science spend 


“Don't you come back into my office ask- 
ing for more money until 2010.” Brazilian 
president Luiz Inacio Lula da Silva's playful 
admonishment to his science minister came 
after the president’s announcement last week 
of a remarkable US$28-billion package for 
science and technology over the next three 
years. The spending promised is equivalent 
to 1.5% of the country’s GDP — currently, 
science receives about 1% of GDP. 

The investment is part of a federal plan to 
improve academic research and to counter 
the lack of technological innovation in the 
industrial sector, which is a special cause of 
concern. Most researchers in Brazil are still 
employed in the public sector, which has 
helped to energize the academic community, 
with the number of scientific publications 
increasing by around 9% a year since 2000. 
Now, 2% of the world’s scientific publications 
are Brazilian — ranking it 15th in the world. 

But despite this, the private sector 
is losing out because of an absence 
of qualified researchers. Brazil is 
responsible for just 0.1% of all the 
patents registered globally each 
year, according to a 2007 report 
by the Organisation for Economic 
Co-operation and Development. To 
address this, the government's new 
science plan includes extensive 
grants and tax breaks for 
research projects con- 
ducted by private com- 
panies. Funding for 
postgraduate qualifica- 
tions will also continue 


President Lula: science for industry. 


to increase to expand the still insufficient 
scientific workforce, particularly in key fields 
including biofuels, nuclear technology, cli- 
mate change and Amazon-related studies. The 
new plan also includes measures to reduce 
bureaucracy and excessive legislation. 
Although the scientific community sup- 
ports the measures, many researchers remain 
sceptical. Some fear that the still-evident cogs 
of bureaucracy will block a lot of funding 
before it can be spent usefully. “There was 
a period where projects would be approved, 
funding would be allocated, and then the 
money never came — nobody would get 
anything, it was surreal, says Luiz Eugénio 
Mello, head of the Brazilian Society of Exper- 
imental Biology. “That memory is still very 
fresh. But overall, the plan has good inten- 
tions and good ideas.” 
A common complaint concerns the heavy 
taxation and regulatory control over imports 
of research equipment. “A European 
researcher who needs a product can 
get it the next day. Here we wait 
three to six months for it;’ Mello 
says. “There’s no way we can be 
competitive like that” 
No surprise then that the most 
warmly applauded moment 
during Lula’s speech last week 
came when he vowed to 
streamline the import of 
scientific instruments. On 
paper at least, the future 
of science in Brazil looks 
promising. a 
Joao Medeiros 


to take the stage in Bali. 
Advances in aerial and satellite 
monitoring should help in 
answering the first question, 
and the tropical nations have 
developed various policy 
solutions to the second. 

Costa Rica and Papua New 
Guinea led the Coalition 
for Rainforest Nations in 
a proposal to revive the 
question at the climate talks 
in Montreal in 2005. Recently, 
Indonesia has joined Brazil 
and other major countries 
in the ‘Forestry 11’ coalition, 
which includes 11 nations 


representing some 85% of 
the world's tropical forests, 
according to the Union of 
Concerned Scientists. 

The proposals vary, but 
all tend to focus on verified 
emissions reductions, as 
opposed to upfront payments 
on projects intended to 
achieve certain targets. 
The Coalition for Rainforest 
Nations, for instance, 
proposes that deforestation 
be tracked on a national level, 
with carbon credits being 
sold only after a decrease in 
national emissions in that 


sector had been verified. 
Although these nations 
have not endorsed a single 
idea, Boucher says, they 
are united in their efforts to 
ensure that deforestation has 
aclear place on the agenda for 
post-Kyoto deliberations. 
“Deforestation is front and 
centre,” says Steve Ruddell of 
Forecon, a consultancy based 
in New York that works on 
carbon markets and forestry 
issues. “It's still not adone 
deal, by any means, but I think 
the time is right.” | 
Jeff Tollefson 
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Now tn Arabic... 


Hundreds of science books, including classics 
by Isaac Newton and Stephen Hawking, will 
be translated into Arabic for the first time. 
The ambitious plan bya non-profit group 

in Abu Dhabi has the backing of the Crown 
prince and funding from the Abu Dhabi 
Authority for Culture and Heritage. 

The project, called Kalima (“word” in 
Arabic), is an attempt to address the fact that, 
although there are more than a quarter of 
a billion Arabic speakers worldwide, only 
a few hundred books are translated into 
Arabic each year. The group is working with 
more than 20 publishers throughout the 
Arab world. It plans to help them acquire, 
translate, publish and distribute about 100 
books in Arabic every year. Around a quarter 
of these will be science titles. 

“There is a particularly large gap in the 
Arab library of books in the natural-science 
category,’ says Karim 
Nagy, the Egyptian 
entrepreneur and book 
collector who directs 
the project. “We have 
therefore purposely 
placed a heavier 
weighting on it?” 

One book already 
translated is A Briefer 
History of Time, 
Stephen Hawking’s 
revision of his best-seller (see above). Next 
year, Kalima will translate books by Niels 
Bohr, Werner Heisenberg, Max Planck and 
Richard Feynman into Arabic, and prepare 
Arabic versions of recent works by Roger 
Penrose, Steven Weinberg and Freeman 
Dyson. Other scientists to be translated 
include Stephen Jay Gould, Stephen Wolfram 
and James Watson. Eventually, Nagy hopes 
also to begin translating Arabic books into 
English and other languages. a 
Jascha Hoffman 
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Monuments and 


instruments 


The architecture of the buildings in which researchers work can have a 
crucial effect on the fruits of their labour, Emma Marris finds. 


ision — and quirkiness.” Those were 

the qualities that the Ray and Maria 

Stata Center at the Massachusetts 
Institute of Technology (MIT) was meant to 
embody, according to an MIT statement at 
the time of its dedication in 2004. Now it also 
embodies a spirit of leakiness. “When I was 
an undergraduate visiting the lab, I thought 
that all the random buckets and X marks on 
the carpet must be for some high-tech rover 
experiment,’ says student Shuonan Dong. 
“When I became a graduate student, I real- 
ized that the buckets were just buckets, to col- 
lect rain.” In October, MIT sued the building’s 
architect and a contractor over “design and 
construction failures” in the building, which 
houses the Computer Science and Artificial 
Intelligence Laboratory, among other things. 

The architect involved is no run-of-the-mill 
designer, but one of the world’s most renowned 
— Frank Gehry, creator of such monuments as 
the Guggenheim Museum Bilbao in Spain and 
the Walt Disney Concert Hall in Los Angeles. 
Gehry is unimpressed with the suit: “MIT is 
trying to use it to get a million and a half in 
insurance money,’ he says. “If 
there are leaks, I am sure they 
are fixable. The staff and faculty 
who use the building love it. 

They are not complaining” 

In fact, some are complain- 
ing. But the leaks are not their 
only, or even their most press- 
ing, complaint. There are scientists who object 
to the way their new surroundings seek to shape 
their work and even their ideas. One irritation 
is the building's internal openness. According 
to Gil Alterovitz, a researcher affiliate working 
in bioinformatics: “It was picked to be a design 
showcase, but for the researchers, maybe they 
don't want to be on display. Everyone can see 
what you're doing, and there is a sign that has 
been up for a year or two that says ‘don’t tap on 
the glass, we feel like fish’.” 

Although the Stata building is unique in 
some respects (what other lab has a facade 
that resembles “a party of drunken robots’, in 
the words of no less a critic than the architect 
himself), in its enforcement of transparency 
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it is part of a trend among scientific buildings 
seeking architectural prestige. 

Openness has become something of an 
architectural obsession. At London's Natural 
History Museum, for example, the new Darwin 
Centre buildings expose curators to visitors 
through high glass walls. And the response is 
not uniformly favourable. At the inward-look- 
ing aquarium of the James H. Clark Center at 
Stanford University, researchers put posters 
up on the glass to get some privacy, says Ken- 
neth Kornberg, who runs an architecture firm 
in California and Tokyo that specializes in 
research space. 

For a new building given to — or imposed 
on — existing faculty, an architectural concept 
embodying a specific attitude to research can 
be a problem. But with a new building for a 
new institution, it can be a way of setting the 
agenda. Janelia Farm, the new flagship lab for 
the Howard Hughes Medical Institute outside 
Washington DC, is “based on randomness and 
the opportunity for interactivity”, according 
to its architect Rafael Vifoly. Its labs are glass- 
walled. The verdant lawns on its flat roofs seem 

to go on for ever (and the fact 
that local deer plunged off the 
edges when the building first 
opened testifies to the power 
of the illusion). 

Bob McGhee, who helped 
design Janelia Farm, knows 
that those open, glass-walled 

labs can turn people off. But this is part of the 
point. “The facility helps you decide which 
kind of people will really work there,” he says. 
It becomes a way for potential faculty to feel out 
whether they are ready for the kind of culture 
the team behind Janelia Farm wants to create. 
Janelia’s communality is built into the design 
in other ways, too: the site gives pride of place 
to that great interactive crucible of scientific 
breakthroughs, a pub. 

Architecture has always been used to make 
statements about what science is and how it 
should be done. Peter Galison, a historian of 
science at Harvard University, has traced the 
evolution of physical laboratory space from 
the temples of learning inhabited by pre-war 
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“gentlemen physicists” through the factory- 
like spaces of the Second World War and 
beyond into today’s more eclectic styles. The 
buildings, he says, reveal how their makers see 
scientists, and scientists inside the buildings 
take cues from the buildings when thinking 
about themselves. 

These cues are not always imposed from 
outside. Take the central building at Fermilab 
in Batavia, Illinois, which the lab’s director 
Robert Wilson wanted to be “a soaring central- 
ized monument,’ says Galison, “not a bunch 
of sprawling tin shacks”. Wilson wanted a 
grandeur to match that of the lab’s undertak- 
ings in fundamental physics. 

Fermilab’s distinctly flashy Wilson Hall, as 
it was eventually named, was an exception in 
the 1970s. But various factors are now at work 
to promote a greater role in lab architecture for 
striking designs and the big-name architects 
who provide them. One is the role of large- 
scale philanthropy. Private donors are often 
more excited by the idea of a concrete-and-steel 
artwork masterminded by a celebrity in wire- 
framed specs than by cookie-cutter lab space. It 
speaks to the importance and contemporaneity 
of the science they are funding. 

Another factor may be a broader sense of 
what an academic is. “Scientists now move 
in different circles,” says Galison. “They are 
all moving back and forth between basic and 
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The Ray and Maria Stata Center at MIT has drawn both praise and complaint. 


applied science. They don't see themselves 
as part of a corps of employees.” And so you 
start to see buildings with all the extras — 
carpets, wooden banisters, art. These build- 
ings “try to be places where people other than 
scientists are going to be comfortable, like 
venture capitalists and people starting compa- 
nies’, Galison says. 

And then there are quite specific issues. 
McGhee explains that, when designing Janelia 
Farm, he realized how dry’ lab space — desks 
with computers — is supplanting traditional 
wet lab space, with its complex plumbing and 
ventilation requirements. Wet labs are crea- 
tures unto themselves, and not all architects 
are experienced in designing them. Sometimes 
this problem is solved by splitting up the job 
—a famous architect will design the shell and 
another firm will design the lab space. 

One such building is the Buck Institute 
for Age Research in Novato, California (see 
page 603). I. M. Pei, a comparatively rare exam- 
ple of a big-name architect who has worked on 
several scientific buildings, including the iconic 
National Center for Atmospheric Research in 
Boulder, Colorado, designed the travertine 
exterior, with its floating staircases. Kornberg 
and his company worked on the interiors, an 
arrangement that in general he is not necessarily 


sold on. “That hybrid does not always produce 
the best buildings,” he says. “Would you have 
one architect do the shell and another design 
the interior of your house?” 

The move towards greater dry lab space 
increases the possibilities for involving non- 
specialist architects in lab building, and for 
flexibility in the buildings themselves. Gehry 
thinks that people working in the Stata build- 
ing who don't like it should alter their environ- 
ments as they see fit. “I was trying to give them 
the body language of a building that wasn't 
precious, so they could push and kick and 
nail into it? he says. Vifioly’s attitude that “the 
building should be like an instrument, like the 
equipment the scientists use’, also bespeaks 
flexibility — as problems and mindsets change, 
so architecture should be willing to change 
with them. 

But there will always be room for disgruntle- 
ment — and delight. Now a graduate student, 
Dong sings the praises of the Stata. “I love 
the open space, and I love the Dr Seuss style. 
Many of my friends work in practical build- 
ings with a grid-like layout, where it never 
rains indoors. But my oh my, how boring that 
must be!” 

Additional reporting by Heidi Ledford and 
Jennifer Meyer. 
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POLAR BEARS DYINGIN 
EARLY ICE MELT 

Oldest and youngest bears 
in Hudson Bay die off after 
warm springs. 
www.nature.com/news 


Europe looks to draw power from Africa 


The power needs of Europe, the Middle East 
and North Africa could be met by an ambitious 
idea to network renewable energies across the 
region. The cornerstone of the plan, developed 
by a group of scientists, economists and busi- 
nessmen, involves peppering the Sahara Desert 
with solar thermal power plants, then transmit- 
ting the electricity through massive grids. 

Prince Hassan bin Talal of Jordan was sched- 
uled to present this green-energy idea, dubbed 
DESERTEC, to members of the European Par- 
liament in Brussels on 28 November. 

The vision is ambitious: it would require 
roughly 1,000 100-megawatt power plants, 
using mirrors to concentrate energy from the 
Sun’s rays, throughout the Middle East and 
North Africa to meet the region’s projected 
energy needs. A high-efficiency electricity 
grid, yet to be built, would then ferry the power 
around and across the Mediterranean Sea and 
northern Europe. 

“The technology for the DESERTEC con- 
cept is available and can offer unlimited, cheap 
and carbon-dioxide-free energy to Europe,” 
says Gerhard Knies, a retired physicist based 
in Hamburg, Germany. Knies is co-founder of 
the Trans-Mediterranean Renewable Energy 
Cooperation (TREC), which came up with the 
DESERTEC idea. 

The European Union has a binding target to 
get 20% of its energy from renewable sources 
by 2020, so the idea is gaining support in some 
areas. “It makes a lot of sense to profit from the 
high amount of solar radiation in the deserts,” 
says Robert Pitz-Paal, head of the 
solar research department at the 


“It makes a lot of 
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Power sharing: how the proposed renewable-energy network might look. 


a 


| A PROPOSED 
ENERGY SUPER-GRID 


Renewable-energy proponents are talking about 
a massive electricity grid in which concentrating 
solar power (CSP) plants in North Africa and the 
Middle East would feed power as far afield as 
northern Europe. The system would also hook in 
solar photovoltaic (PV) systems and other 
renewable-energy resources. 
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inventor who built a prototype solar thermal 
plant in Egypt in 1913. But the idea never took 
off, and today solar power in the region comes 
from relatively small solar-cell installations on 
houses and other individual buildings. 

In 2003, Knies co-founded TREC and began 
presenting the idea at conferences. He eventually 
got the attention of the German 
environment ministry, which has 


German aerospace agencyDLR. sense to profit from commissioned three technical 
But with a price tag of almost the high amount of studies to evaluate the concept. 
€400 billion (US$595 billion), it g cena Germany aims to get 50% of its 
remains tobe seen if DESERTEC  SOlar radiation in energy from renewable sources 
will be adopted politically. the deserts.” by 2050, and is a leader in devel- 


“Unless it’s extremely cheap, 
it won't stop people using easy-to-get fossil 
fuels,” says Jon Gibbins, an energy engineer 
at Imperial College London. “We didn’t stop 
using coal in the last century because of oil” 

Nationalistic concerns may also be a stum- 
bling block, with European politicians reluc- 
tant to be dependent on Africa. For instance, 
Hermann Scheer, a member of the German 
parliament, is in favour of renewable-energy 
approaches, but is pushing for European energy 
autonomy through small, decentralized power 
plants on European soil. 

The vision of covering the Sahara with solar 
panels to generate electricity for Europe goes 
back to Frank Shuman, a Philadelphia-based 


oping solar thermal power. “The 
ministry was interested in knowing ifit’s feasible 
to import solar energy from North Africa and 
to penetrate the market there,” says Ralf Christ- 
mann, an officer at the ministry. 

The DESERTEC scenario foresees a mix of 
renewable energies, from wind to geothermal 
to biomass power (see map). But the core is 
solar thermal power, which uses solar energy 
stored in a special heat-retaining fluid to drive 
aturbine and create power. First demonstrated 
in 1982 with a 10-megawatt plant in Califor- 
nia’s Mojave Desert, solar thermal plants can 
now produce electricity at a cost of about 15-20 
eurocents per kilowatt-hour. According to the 
DLR, further improvements in technology 
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and scale could bring that down to less than 10 
eurocents per kilowatt-hour, making it more 
competitive with coal. 

Initial solar thermal plants are being planned 
in Algeria, Egypt and Morocco, with more 
under construction in Spain and Italy. 

Bringing electricity from Africa to Europe 
presents another challenge. The DLR says 
that €45 billion of the overall budget should 
be invested by 2050 to place high-voltage d.c. 
transmission cables throughout the region. 
Such a line already exists between Norway and 
the Netherlands. 

The DESERTEC group is asking parliamen- 
tarians to set up a €10-billion fund to finance 
the development of solar thermal plants over 
the next 7 years, and to establish a political 
framework for the idea. But although the 
project may not take off on the scale its sup- 
porters hope for soon, solar thermal power 
could still pick up elsewhere. “Right now, 1,000 
megawatts of solar thermal energy are being 
built in California and Nevada deserts, and we 
are planning an additional 5,000 megawatts,” 
says Dan Kammen, director of the Renewable 
and Appropriate Energy Laboratory at the 
University of California, Berkeley. “Exploit- 
ing solar energy from deserts is a good idea 
worldwide.” a 
Emiliano Feresin 
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SIDELINES 


M. JACOB, ST. LOUIS ZOO. 


ON THE RECORD 


Since I'm notin 
academia, I only 
publish papers when 
I think I've found 
something cool.>? 


Garrett Lisi, surfer, snowboarder, 
physicist and author of the much 
discussed grand-unification preprint 
“An Exceptionally Simple Theory 

of Everything” endears himself still 
further to the academic mainstream. 


ZOO NEWS 


Climbing the walls 
Keepers at St Louis Zoo in 
Missouri remain baffled as to 
how a cheetah managed to scale 
a 3-metre wall and briefly escape 
her enclosure — despite the fact 
that this is the third time one of 
the cats has achieved this feat at 
the same exhibit since 2000. 


SCORECARD 


Plastic snakes 
Officials in the 
Australian city of 


Tamworth have enlisted toy 
snakes in an attempt to scare away 
tens of thousands of starlings 
messing cars and terrorizing 
residents with their droppings. 


Irish salmon 
Northern Ireland's only 
salmon farm has been 


wiped out after a 26-square- 
kilometre swarm of jellyfish 
destroyed 100,000 fish, causing 
damage valued at more than 
US$2 million. 


SHOWBIZ NEWS 


Queen chancellor 

Brian May's stellar academic 
career continues apace — fresh 
from defending his doctoral 
thesis on astrophysics, the 
former Queen guitarist has been 
appointed chancellor of Liverpool 
John Moores University. 


Sources: The Daily Telegraph, BBC, 
Reuters, Associated Press 


L.M. ALAVREZ/AP 


Plant-disease controls 
sap outbreak responses 


Microbiologists in the United States are 
expressing concern about a government pro- 
posal to limit research on several plant patho- 
gens because of their potential to be used as 
bioweapons. The researchers say that the plan 
to subject rice and citrus disease agents to the 
same restrictions as Ebola virus and anthrax 
are ill-conceived and will limit the response 
to a natural outbreak. 

The US Department of Agriculture (USDA) 
plans to add four plant pathogens to the gov- 
ernment’s list of ‘select agents. Created to 
keep infectious diseases out of the hands of 
would-be terrorists, the current list includes 81 
human, animal and plant pathogens and toxins. 
Researchers studying substances included on 
the list must confine their work to high security 
labs, file mountains of paperwork and submit 
to background checks. 

The latest draft includes pathogens of rice, 
citrus, rye and deciduous trees that have 
wreaked havoc elsewhere, but have not crossed 
US borders. The USDA is accepting public 
comment on the proposal until 3 December. 

Many scientists think that plant diseases 
should not be lumped with deadly human 
pathogens such as smallpox. Most plant-disease 
research is already subject to strict regulation 
and quarantine, they point out. Adding more 
plant diseases to the select-agent list could have 
a chilling effect on research, says Jan Leach, a 
microbiologist at Colorado State University 
in Fort Collins, who studies Xanthomonas 
oryzae, a bacterium that causes leaf blight of 
rice. “Some of us will just drop out. We won't 
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work on those pathogens anymore,’ she says. 

Her lab halted research on one strain after 
it was added to the list. But if the proposed 
changes go forward, all strains would be sub- 
ject to the extra regulations. The disease — 
endemic in Asia and Africa — poses minimal 
threat to the United States because of different 
climate and farming techniques, she says. 

In Florida, the select-agent law stymied the 
state’s response to a 2005 outbreak of citrus 
greening, says Wayne Dixon, a senior plant 
pathologist at Florida's agriculture department 
in Gainesville. Now, the USDA plans to remove 
from the list one strain that is widespread in 
Florida, while adding another that is currently 
hitting orange trees in Brazil. Dixon worries 
that ifthe Brazilian strain hits Florida, research 
and epidemiology will again be handcuffed by 
the disease’s select-agent status. For example, 
researchers who perform lab tests on poten- 
tially infected tree samples must destroy them 
if the sample reveals a positive result. 

Michael Firko, a USDA official who was 
involved in drawing up the new select-agent 
list, says the agency attempts to balance 
national security with scientific freedom by 
updating the list biennially and seeking input 
from researchers. He cites the delisting of plum 
and soya bean diseases in 2005 and the cur- 
rent proposal to remove one strain of citrus 
greening. Yet for many plant pathologists, 
these changes don’t happen often enough or 
fast enough. “We had our hands tied for two 
years,’ says Dixon. a 
Ewen Callaway 


Southern Gardens 
Citrus in Clewiston 
— one of Florida's 
biggest producers of 
oranges — has so far 
lost almost 100,000 
trees to the bacterial 
disease citrus 
greening (infected 
leaves shown 

left). Giving such 
pathogens ‘select- 
agent’ status can 
handcuff research 
and epidemiology, 
delaying response to 
outbreaks. 


THE LONG WALK OF 
= THE SALAMANDERS 
Genetic studies reveal 

) ancient travels. 
www.nature.com/news 
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GRAPHIC DETAIL 
The real value of a scientist's wage 


Austria 
Switzerland 
Netherlands 
Luxembourg 
Germany 

UK 
France 


Italy 


US 
Australia 
Japan 


Israel 
Gi Salary adjusted 
for cost of living 


GB Nominal salary 


India 
EU (average) 
China 


40 50 60 70 80 
€ (thousands) 


If money is the measure of all things, Austria may be the most 
attractive country in Europe for a working scientist. And India 
is close to Europe's leading science nations, even though the 
average gross salary for researchers there is ameagre €9,200 
(US$13,600). That's according to data comparing scientists’ 
salaries, after taking into account the cost of living. 

The European Commission report includes data on the 2006 
salaries of thousands of scientists working in the public and 
private sectors across 38 countries. The information was gathered 
from an online survey as well as from national databases. 

The cost-of-living figures show that only Austria, Switzerland, 
the Netherlands, Luxembourg and Israel offer salaries similar to 
those in the United States, Australia and Japan. 

Unweighted, Switzerland (€82,700) has the highest gross 
salary worldwide. Bulgaria (€3,600) and China (€3,200) have 
the lowest salaried scientists of the countries in the study. 

There are striking differences within the member countries 
of the European Union (EU). On average, EU researchers can 
expect €22,500 less than their colleagues in the United States, 
Japan and Australia — after the cost of living is factored in. “This 
huge disparity certainly contributes to our top people seeing 
better opportunities elsewhere in the world,” warns EU research 
commissioner Janez Potoénik, who announced the results on 
13 November. Quirin Schiermeier 
» http://ec.europa.eu/eracareers/pdf/final_report.pdf 
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Australia prepares to 
ratify Kyoto Protocol 


Kevin Rudd, Australia’s new prime minister, 
has wasted little time in getting to work on an 
election pledge to ratify the Kyoto Protocol 
on greenhouse-gas emissions. Rudd led the 
Labor party to victory in Saturday’s election. 
The next day, he reiterated his promise to 
ratify the protocol by Christmas. Ousted 
leader John Howard refused to ratify Kyoto 
during his 11-year tenure. 

Rudd also confirmed that he plans to head 
Australia’s delegation to the United Nations 
Climate Change Conference in Bali next 
week. John Connor, chief executive of the 
Climate Institute of Australia in Sydney, 
says the country’s changed stance is already 


oy 
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— L . 
New Leadership. 


Kevin Rudd, Australia's new jisciie minister. 


causing ripples. “It will be a huge boost to the 

Bali negotiations to have one of the blockers 

change into a real supporter, he says. 
Australia is currently on track to meet 

its generous Kyoto target of an 8% increase 

over 1990 emissions by 2012. 


Italy reappoints institute 
head despite controversy 


The Italian government has confirmed the 
reappointment of Enrico Garaci as head 

of the ISS, Italy’s national health-research 
institute in Rome, despite public criticism of 
his distribution of research money without 
peer review (see Nature 450, 320; 2007). 

The government accepted his nomination 
by health minister Livia Turco on 
16 November. But a few days later Turco 
gave Garaci an effective slap on the wrist 
by halting procedures he had begun for 
distributing her ministry’s €3-million 
(US$4.5-million) fund for stem-cell 
research. Since the summer, Garaci had 
failed to issue a call for research proposals, 
and had earmarked beneficiaries without 
external review. 

Turco has now said the money available 
will be increased to €8 million, “for which 
there will be an open call and evaluation by 
external referees”. 


Argentina sets up a 
ministry of science 


Argentina's newly elected president Cristina 
Fernandez de Kirchner moved quickly to 
advance science in her administration, 
which begins on 10 December. 

Lino Barafiao was named as the first 
minister of the newly formed Ministry 
of Science, Technology and Productive 
Innovation. Widely respected for his 
research on animal reproduction and his 
management of scientific projects, Barahao 
was president of the National Agency for the 
Promotion of Science and Technology. 

“This is a very good indication for the 
future direction of science in Argentina,’ says 
Juan Pablo Paz, a physicist at the University 
of Buenos Aires. “It is better than appointing 
a politician in the old-fashioned style.” 


Indonesia edges closer to 
sharing bird-flu samples 


A deal is being negotiated that could see 

Indonesia end its policy of withholding 

samples from human cases of avian flu. 
Until now, Indonesia has refused to 

share its samples with the World Health 

Organization (WHO), saying it is unfair that 
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ownership of the samples passes to the WHO 
collaborating centres, and that it does not 
benefit from any resulting papers or patents. 
Indonesia says it will share samples under 
a material transfer agreement that allows 
research use, but gives Indonesia sovereign 
ownership of the samples. The country also 
wants access to vaccines developed using 
its samples. An international meeting on 
20-23 November in Geneva, Switzerland, 
ended without agreement. But a statement, 
still being thrashed out by negotiators, is 
expected to open the way to concessions. 
Indonesia has had the most deaths from 
the H5N1 bird-flu virus of any country — 91 
so far — the most recent on 6 November. 


China secures contract for 
Afghan copper mine 


Afghanistan last week announced that a 
Chinese firm has won the bid for the first 
post-Taliban natural-resource development 
project: the US$30-billion Aynak copper 
deposit outside Kabul (see Nature 449, 
968-971; 2007). 

The state-owned China Metallurgical 
Group will now negotiate the final terms 
of the deal, in which China is pledging 
$2.9 billion to Afghanistan to create a 
mine in five years that will tap the 


mined by a Chinese company. 


estimated 13 million tonnes of ore. 

China’s operation of Aynak will be 
closely watched by scientists, aid agencies 
and economists because of environmental 
and socio-economic concerns raised over 
mining projects elsewhere. 


India commits to boosting 
biotechnology research 


For the first time, India has appointed a 
biologist as head of its largest research 
agency. The announcement coincides with 


NEWS IN BRIEF 


the unveiling ofa national strategy for 
biotechnology, supported by a 65-billion- 
rupee (US$1.6-billion) commitment over 
the next 5 years. 

Samir Brahmachari, former director of 
the Institute of Genomics and Integrative 
Biology in Delhi, is the new chief of the 
Council of Scientific and Industrial 
Research (CSIR). The CSIR manages 41 labs 
with a staff of more than 18,000 scientists 
and has been without a permanent director 
since December 2006 (see Nature 447, 
238-239; 2007). 

The strategy approved by the cabinet 
on 14 November calls for one-third of 
the government’s research budget to be 
spent on biotechnology — a 450% increase 
over the previous 5 years — in partnership 
with private-sector funding. The plan will 
create 50 biotech ‘centres of excellence’ 
by 2012. 


Correction 

The News story ‘Field trials aim to tackle poverty’ 
(Nature 449, 957; 2007) implied that the idea 

of using mobile-phone-based reminders and 
time-based incentives to improve tuberculosis 
drug-regimen adherence originated at the 
Abdul Latif Jameel Poverty Action Lab at the 
Massachusetts Institute of Technology (MIT). In 
fact, the idea came from Viji Draviam of Harvard 
Medical School and Nishanth Sastry of MIT and 
the University of Cambridge, UK. 


©2007 Nature Publishing Group 


599 


nature 


BUSINESS 


Fever pitch 


The push for new anti-inflammatory drugs has pharmaceutical 
companies flocking to a previously abandoned therapy. Heidi 
Ledford reports on the resurrection of interleukin-1 blockers. 


n 1977, researchers isolated a novel protein 
from human blood that had been exposed 
to a pathogenic bacterium. Some called the 
protein a pyrogen because it triggered fever; 
others called it an activating factor for its ability 
to stimulate white blood cells. It also damaged 
joints and influenced liver proteins. Many were 
sceptical that it was just one protein. 

“People didn’t believe that a single mol- 
ecule could do all these things,” says Charles 
Dinarello, an immunologist at the University 
of Colorado at Denver and one of the first to 
study the protein, which was eventually called 
interleukin-1. “T was ridiculed quite a bit” 

Thirty years later these arguments are long 
settled, but the list of functions for interleukin-1 
continues to grow. It is now blamed for destroy- 
ing insulin-producing cells in diabetics and 
triggering inflammation in Alzheimer’s disease. 
Inhibitors of interleukin-1 are credited with 
easing the symptoms of rheumatoid arthritis 
and gout, and alleviating a serious hereditary 
inflammatory disease. 

So it is hardly surprising that the protein is 
attracting the attention of companies ranging 
from Swiss pharmaceutical giant Novartis to 
pharmaceutical antibody developer Xoma, in 
Berkeley, California, which has 


just 300 employees. But while “The drug companies 
more or less gave up 
on interleukin-1." 

— Jiirg Tschopp 


the potential market for inter- 
leukin-1 blockers now looks 
bright, many of these compa- 
nies abandoned previous inter- 
leukin-1 programmes years ago. 
“The drug companies more or less gave up on 
interleukin-1,” says Jiirg Tschopp, an immu- 
nologist at the University of Lausanne, Swit- 
zerland. “But recently, every drug company I 
know has reactivated their programme.” 

That may be because drug firms see a press- 
ing need for additional anti-inflammatory 
therapies. Non-steroidal anti-inflammatory 
drugs such as aspirin and COX-2 inhibitors 
come with unwanted side effects, including 
gastrointestinal bleeding and, in the case of 
some COX-2 inhibitors, an increased risk of 
heart attack and stroke. Another class of anti- 
inflammatory drugs inhibits the inflammation- 
inducing protein tumour necrosis factor alpha 
(TNF-a). These inhibitors are prescribed to 
treat chronic inflammatory conditions such as 
rheumatoid arthritis and inflammatory bowel 
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disease. Sales of the top three TNF-a inhibitors 
reached US$10 billion in 2006. 

But TNF-a inhibitors also heighten the risk 
of opportunistic infections, and simply don't 
work for some patients, including up to 30% of 
those with rheumatoid arthritis. “Everybody has 
focused on TNF-a for the past ten years,” says 
Raymond Dionne, a pharmacologist at the US 
National Institutes of Health (NIH) in Bethesda, 
Maryland. “A lot of people swear by it, but really 
wish that something else was available.” 


Left on the shelf 

It was the TNF-a inhibitors that silenced inter- 
leukin-1 research programmes nearly a decade 
ago. Amgen, a biotechnology company head- 
quartered in Thousand Oaks, California, inher- 
ited an early formulation of an interleukin-1 
inhibitor when it bought a smaller biotech 
company. Amgen would eventually shape that 
drug into Kineret (anakinra) — the only inter- 
leukin-1 inhibitor currently on the market. But 
by the time Amgen turned its attention to Kin- 
eret, TNF-a inhibitors were showing promise, 
says rheumatologist Alan Solinger, who oversaw 
Amgen’ clinical trials for both Kineret and the 
company’s TNF-a blocker Enbrel (etanercept) 
when he worked for the com- 
pany. He is now vice-president 
of clinical immunology at Xoma. 
“The predecessor to Kineret sat 
on the shelves for about four 
years before Amgen realized it 
had an asset that could be devel- 
oped,” says Solinger. “By then, the TNF agents 
had already moved ahead” 

Kineret is a recombinant form of a pro- 
tein naturally produced by the body to keep 
interleukin-1 in check by preventing it bind- 
ing to its receptor. Clinical trials showed that 
the drug performed well against rheumatoid 
arthritis and caused no side effects. But Kin- 
eret requires a daily injection and it is not an 
ideal interleukin-1 blocker. “This drug is very 
short lived,’ says Tschopp. “You inject it and 
it’s gone” 

Trials showed that TNF-a inhibitors out- 
performed Kineret in treating rheumatoid 
arthritis, but some say that this comparison 
unfairly weakened the general case for inter- 
leukin-1 blockers. “Enbrel and the others were 
excellent TNF blockers, but Kineret was not as 
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Rheumatoid arthritis is a potential target for the 
next generation of interleukin-1 blockers. 


good an interleukin-1 blocker,’ says Solinger. 
“Everybody moved over to the TNF band- 
wagon, including Amgen.” 

The US Food and Drug Administration 
(FDA) approved Kineret in November 2001. A 
month later, Amgen announced its acquisition 
of Immunex, the creators of Enbrel. Over time, 
Amgen shifted money away from marketing 
Kineret and focused on Enbrel, which generated 
almost $3 billion in 2006 sales, making it one of 
Amgen’ top three products. 

Although commercial interest faded, research 
still pointed to the medical importance of inter- 
leukin-1. Its processing into a mature protein 
requires the activation of a protein complex 
called the inflammasome. Tschopp and his col- 
leagues found that the inflammasome is acti- 
vated by the uric acid crystals that accumulate 
in the joints of patients with gout’, anda small 
clinical trial showed that Kineret provided quick 
relief to those suffering an acute attack of gout. 

Other researchers have linked a hereditary 
inflammatory illness called neonatal-onset 
multisystem inflammatory disease to the 
inflammasome. Another small clinical trial 
showed that Kineret relieved symptoms of this 
disease, including hearing loss, brain lesions 
and rashes”. More recently, Kineret was shown 
to partially relieve the symptoms of type 2 dia- 
betes’. And animal studies have suggested that 
type 2 diabetes may respond to interleukin-1 
blockade but not to TNF-a inhibitors. 

Kineret itself has not proved popular, how- 
ever, despite the promising trials. “No one cares 
about Kineret,” says Eric Schmidt, an analyst 
at investment bankers Cowen and Company, 
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EUROPE SAYS NO Regulators have indicated that two strains of genetically 

modified maize (corn) are unlikely to receive approval for commercial cultivation in 

the European Union (EU) — setting back seed companies’ hopes of a more liberal 
regulatory environment for genetically modified agriculture in Europe. EU environment 
commissioner Stavros Dimas said on 22 November that the two strains, insect-resistant 
Bt 11 from Syngenta and insect- and herbicide-resistant corn 1507, sold by Dow and 
Pioneer, would be rejected on the grounds of their possible adverse impact on butterflies 
and other insects. 


BIOTECH BUY British drug company GlaxoSmithKline is to buy Reliant, a New Jersey 
biotechnology company that specializes in cardiovascular medicines, for US$1.65 billion. 
The agreed sale, announced on 21 November, means that Reliant will cancel a plan, 
announced in August, for an initial public stock offering. Analysts say that the move — 
the latest in a string of large biotechnology purchases by major drug companies this year 
— reflects Glaxo's need to line up new revenue streams in the wake of reported safety 
problems that are hitting sales of its diabetes drug Avandia. 


ROAD TEST Daimler says it will put 100 prototypes of its new Smart Fortwo plug-in all- 
electric cars on the streets of London by the end of this year, as part of a plan to test the 
feasibility of the vehicles. The cars will initially run off nickel hydride batteries, but will 
switch to lithium ion ones as they become available, company officials told the Financial 
Times. The cars will have a range of 110 km and take three-and-a-half hours to recharge, 
the official added. The German car maker hopes to start commercial production by 2010. 


based in New York. “Maybe that’s not reflec- 
tive of the value of this pathway. Maybe Kineret 
is constrained by daily dosing. But it’s just not 
competitive?” 


Trials race 

Instead, companies are racing to make new 
interleukin-1 blockers. Amgen has an anti- 
interleukin-1 antibody in phase II clinical 
trials for rheumatoid arthritis. Novartis, which 
abandoned its first interleukin-1 project in 
2000, now has an anti-interleukin-1 anti- 
body in phase II] trials for treatment of a rare 
inflammatory disorder called Muckle-Wells 
syndrome and phase II trials for rheumatoid 
arthritis. Previous trials showed remission of 
Muckle-Wells syndrome for up to six months 
after a single injection of antibody. 

Several smaller biotech companies have also 
entered the fray. Regeneron, based in Tarrytown, 
New York, submitted a biologics licence appli- 
cation to the FDA in May for its interleukin-1 
blocker Rilonacept (IL-1 Trap) for treatment of 
Muckle-Wells syndrome and another inherited 
inflammatory disorder. And Xomais testing an 
anti-interleukin-1 antibody in phase I studies in 
patients with type 2 diabetes. 

For Solinger, bringing a viable interleukin-1 
therapy to market would be the culmination of 
along scientific odyssey. Thirty years ago, he 
worked down the hall from the NIH laboratory 
in which Dinarello first purified the ‘activat- 
ing factor’ “That's one reason why I'm excited 
about this,” he says. “Fairly soon we should 
know if we have a winner or not.” a 


1. Martinon, F. et al. Nature 440, 237-241 (2006). 

2. Goldbach-Mansky, R. et al. N. Engl. J. Med. 355, 581-592 
(2006). 

3. Larson, C. M. etal. N. Engl. J. Med. 356, 1517-1526 (2007). 
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NANOTECHNOLOGY STOCKS 
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Lux Nanotech Index 
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October 


With the collapse of both the dollar 

and the housing market undermining 
confidence about the general economic 
outlook in the United States, 2007 has 
been a pretty grim year for technology 
stocks there. Nanotechnology is no 
exception, and the Lux Nanotech Index 
(symbol LUXNI on the American Stock 
Exchange) is lurching unsteadily towards 
the end of the year. 

The index, which tracks the 
performance of US companies that 
supply nanotechnology products and 
services and of some major industrial 
corporations that rely heavily on them, 
has dipped with the rest of the market. 
Indeed, the index is at the same level 
now as it was four years ago. 

“There's been a lack of any discernible 
trend” in the market for nanotech 
stocks in recent months, says Peter 
Hebert, founder of New York-based Lux 
Research, which compiles the index. 


November 


Hebert says that more and more 
nanotechnology development is 
taking place inside the large industrial 
corporations that use the technology — 
especially in Japan — rather than 
in small specialist companies. That 
reflects the strategic importance of 
nanotechnology to these big companies, 
but it doesn’t do much for the investor 
seeking to make a quick profit out of a 
successful technology. 

One bright spot was the 1 November 
initial public offering of stock in 
Nanosphere, an Illinois-based 
molecular-diagnostics company. The 
offering raised US$98 million. Hebert 
calls this “a pretty good achievement” 
and adds that it is good news for 
companies such as Harris and Harris, 

a New York-based venture-capital firm 
that has backed several dozen small 
nanotech companies. | 
Colin Macilwain 
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ont forget,” Robert Hughes 
reminds a colleague in the 
hallway, “beer on the landing 
later to celebrate my impend- 
ing death.” Hughes isn’t ill, but rather kicking 
off festivities for his 45th birthday. And work- 
ing at the Buck Institute in Novato, California, 
an independent institute devoted to ageing 
research, tends to alter the way one thinks 
about birthdays. 

Their work makes the Buck’s 15 principal 
investigators peculiarly, if playfully, aware that 
they are adults getting older. But their insti- 
tute is on the other side of the ageing divide. 
“Itis a toddler becoming a juvenile,’ says Dale 
Bredesen, the Buck’s director. Youth, like age, 
has its problems, and after a rough infancy, the 
Buck has emerged as a player with the potential 
to change the way people think about ageing. 

The Buck was founded on the premise that 
ageing and disease are manifestations of the 
same biological processes, and they can be 
understood only by working across disciplines. 
It is a modern take, but it has its supporters, 
including the US National Institutes of Health 
(NIH). In 2005, the agency named the Buck 
as one of five national Nathan Shock Centers 
of Excellence in the Basic Biology of Aging. 
And in September, it gave the institute US$25 
million to create a new ‘interdiscipline called 
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Are ageing and disease two sides of the same coin? Erika Check Hayden 
reports from an institute that is betting that they are. 


geroscience: defined as the study of connec- 
tions between ageing and age-related disease. 

Now, the Buck is embarking on a growth 
spurt that will add 10 labs in 3-4 years. Plans 
have been drawn up for a long-term goal of 
three new buildings on its sunny hilltop cam- 
pus and 20 more investigators, bringing the 
total number of labs to 45. But the expansion 
will depend on funding, which, despite recent 
votes of confidence from the NIH, may be hard 
won. Peers in research on age- 
ing see the Buck as a pioneer, 
testing the links between age- 
ing and disease. “It’s clearly an 
experiment worth doing,” says 
molecular biologist Stephen 
Helfand of Brown University 
in Providence, Rhode Island. 
But research into ageing has 
historically faced scepticism. “We're all watch- 
ing to see whether it is working,” says Helfand. 
“Are they going to do something good and 
bold, or are they going to be doing the same 
old boring things we're doing?” 

To understand the novelty of the Buck’s 
approach, historical perspective helps. In the 
1950s, ageing was thought to be intractable. The 
rather crude tools available to those who stud- 
ied it didn't engender respect. Caloric restriction 
was known to extend lifespan in some organ- 
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“We don't needa 
National Cancer 
Institute and a National 
Institute on Aging in 
separate buildings.” 

— Gordon Lithgow 


NEWS FEATURE 


isms but was enigmatic. There weren't a lot of 
ways to study ageing beyond simple observa- 
tion. “People were essentially grinding up old 
and young rats” and coming up with descrip- 
tions rather than learning about mechanics, says 
Judith Campisi, a cellular and molecular biolo- 
gist who splits her time between the Buck and 
the Lawrence Berkeley National Laboratory. 

Around 1961, researchers established that 
ageing was a bona fide biological process, sep- 
arate from, and as important 
as, the pathologies associated 
with it. By 1974, the NIH had 
set up a specific branch — the 
National Institute on Aging 
— signalling that the field had 
earned a place in mainstream 
biomedical research. But soon 
after, the advent of genetic 
engineering and modern molecular biology 
upended the tidy distinctions between ageing 
and disease. 

A new generation of researchers embraced 
molecular biology. In the 1990s, they discov- 
ered that knocking out certain genes endowed 
organisms such as yeast, worms and flies with 
unusually long lifespans’. But oddly enough, 
researchers started to find that mutating these 
genes to slow ageing could also stave off ail- 
ments such as cancer and diabetes”, which 
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claim many more old people than young but 
that aren't usually seen as related to the ageing 
process itself. These studies raised the ques- 
tion: could ageing and disease be part of the 
same process after all? 

Some researchers have reverted to the earlier 
course, says the Buck’s Gordon Lithgow. “We're 
coming around in a circle and saying, it’s the 
same thing. We don’t need a National Cancer 
Institute and a National Institute on Aging 
in separate buildings with separate funding 
streams, for example,” says Lithgow. “If ageing 
is the biggest causal factor for adult cancer, they 
should be together” 

And thanks to a trust fund left by Beryl Buck, 
a nurse who died in 1975, the institute can pur- 
sue this integrated approach. Buck left behind 
a trust to benefit the citizens of Marin County, 
a wealthy enclave of towns, including Novato, 
just across the Golden Gate Bridge from San 
Francisco. The fund was to be 
used, in part, “to extend 
help towards the 
problems of the 
aged”. 

The trust's 
funds bal- 
looned from 
$11 million to several hundred million dollars 
after its core stock holdings shot up in value. 
And dispensation of the funds fell into a messy 
legal battle between San Francisco and Marin 
County. But even before this brawl resolved 
in Marin County’s favour in 1986, a board of 
advisers convened by the Buck Trust met to fig- 
ure out how to meet Beryl Buck’s goal of aiding 
Marin County’s aged and needy. “The joke was 
that the trust was for the poor, elderly people 
of Marin — both of them,” recalls Jack Rowe, 
who was studying ageing at Harvard Medical 
School in Boston, Massachusetts, at the time, 
and led the board of advisers. The group settled 
on the idea of an independent research insti- 
tute focused on gerontology, and modelled on 
places such as the Salk Institute for Biological 
Studies in San Diego. 


A design for life 
The advisers set about duplicating two Salk 
characteristics: its enviable location and 
remarkable architecture (see page 592). The 
trust bought a 200-hectare tract of land atop 
scenic Mount Burdell, an undeveloped hilltop 
dotted with oak trees and boasting views of 
both the Pacific Ocean and the San Francisco 
Bay. The board commissioned renowned 
architect I. M. Pei to design the institute's 
$59-million headquarters. And despite Marin 
County residents’ objections to the develop- 
ment, construction started in 1996. 

To recruit a director, the advisers once again 
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looked down the California coast — this time to 
La Jolla, where Bredesen, then a neuroscientist 
and neurologist, was working at yet another pri- 
vate institute, the Burnham. 

Bredesen agreed to accept the job, on one 
condition: the Buck would have to revise its 
mission. “They wanted to set up an institute 
related to neurology and neuro- 
logical disease, and I said, “That's 
not right. That’s not where we are 
in ageing today,” Bredesen says. 
“Tt was clear that we needed to 
think about ageing and its rela- 
tion to disease.’ Bredesen envisaged a self-suf- 
ficient, interdisciplinary research institute built 
on three cores: the biology of ageing, the study 
of disease and the development of technology. 

The idea that growing old and growing ill 
are two sides of the same coin remains contro- 
versial. Backers of the concept include David 
Sinclair of Harvard 


Medical 
School who made 
headlines with findings 
that a chemical in red wine 
called resveratrol extends lifespan 
and might prevent diabetes-like 
symptoms in mice’ (see also page 712). 
“T dont see ageing as a disease, but as a col- 
lection of quite predictable diseases caused by 
the deterioration of the body,’ Sinclair says. 

But others don't see it that way. The Univer- 
sity of Michigan's Richard Miller says that Sin- 
clair’s characterization is “missing the point in 
a subtle but important way”. Ageing is a major 
cause of many diseases, but not the only one, 
Miller argues. And, he adds, ageing has some 
effects that aren't considered disease states. “It's 
important to make a distinction between age- 
ing and disease,’ Miller says. 

Still, those who differ agree that interfering 
with the ageing process could help patients who 
are suffering from age-related disease. Sinclair 
is already running a clinical trial using res- 
veratrol to prevent diabetes in humans. 

Ageing researchers’ shift towards 
treating disease, rather than attempting 
to lengthen lifespan, has legitimized 
the field — and attracted scientists 
who would have eschewed ageing 


Mutations in any of dozens of 
genes can extend the lifespan 
of the nematode worm 
C. elegans up to sixfold. 
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“I'm totally 

uninterested in the 

fountain of youth." 
— Robert Hughes 


research in the past. Research on ageing has 
always been dogged by a flake factor — the 
suspicion that scientists pursuing the fountain 
of youth were merely involved in a self-serving 
and impossible quest. Today, researchers study- 
ing ageing have largely distanced themselves 
from that perception. 

Hughes, for instance, studies 
protein-protein interactions and 
uses drug-screening technologies 
to look for potential therapies for 
protein-misfolding conditions, 
such as Huntington's disease. “Tm 
totally uninterested in the fountain of youth,” 
Hughes says. “What's interesting to me is the 
idea that pharmaceutical drugs that extend 
lifespan will be an interesting new class of drugs 
to treat disease.” 


Risky business 
To Hughes and his colleagues at the Buck, the 
new geroscience grant offers a means to turn 
that idea into reality. “The essential thing that 
will come from this grant is speed,’ says Lith- 
gow. The geroscience grant enables risky work 
that, by and large, will fail. But in a few cases, 
it might succeed, leapfrogging years of 
painstaking studies and hitting pay 
dirt much faster. 
Lithgow and Campisi are going 
after checkpoint genes, cellular 
traffic cops that survey for 
damage and prevent faulty 
cells from dividing. These 
have long been a target in 
cancer research because 
the products of such 
genes prevent cancer. 
Last year, Lithgow’s 
lab reported that deac- 
tivating checkpoint 
genes in the nematode 
worm Caenorhabditis 
elegans extended its 
adult lifespan*. Deac- 
tivating such genes in 
mammals results in an 
early death as cells that can 
divide become cancerous, 
but practically no C. elegans 
cells divide. To Campisi and 
Lithgow, the finding suggests that 
losing certain checkpoint genes in 
non-dividing cells could preserve 
the cells’ health. They think that this 
concept could extend to, for example, the 
brain cells of human stroke patients, as adult 
human neurons don't divide either. 
Normally, it would take years of work even 
to begin to address such a question — further 
studies in worms, then bridging studies in other 
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Pioneering spirit: (from left) Gordon Lithgow, Judith Campisi and Robert Hughes of the Buck Institute for Age Research are pursuing new models of ageing. 
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model organisms. Finally, perhaps, someone 
would fund an extension into human cells. 

But Campisi and Lithgow vaulted over these 
hurdles and set up a three-way collaboration 
with their Buck Institute colleague, Xianmin 
Zeng, who specializes in human embryonic 
stem-cell research. Zeng will grow human neu- 
rons from stem cells, and Lithgow and Campisi 
will study cell-division proteins in the resulting 
neuronal tissue. Such a leap would probably be 
panned as too speculative by review commit- 
tees that mete out NIH funding. “It would be 
difficult to get grants like these reviewed in the 
traditional way,’ Lithgow says. 

The geroscience grant is a boon for the 
Buck's brand of high-risk research. But it does 
not guarantee success. The Buck is up against 
a few obstacles — for example, it must adhere 
to numerous building restrictions, limiting 
the potential for expansion. And although its 
location is idyllic, Marin County is isolated; the 
nearest universities, Berkeley and the Univer- 
sity of California, San Francisco, are both 50 
kilometres away. 

“Their slight weakness is 
that the Buck is a standalone 
institute not connected to other 
universities or hospitals,” says 
Leonard Guarente, who stud- 
ies ageing at the Massachusetts 
Institute of Technology, Cam- 
bridge, and serves on the Buck’s 
board, “but their strength is they have very good 
scientists and they do good work” 

But good funding doesn’t necessarily fol- 
low good work. And although certain types 
of ageing research have captured the popular 
imagination, that hasn't translated into bounti- 
ful support for basic studies such as those that 


“| don't see ageing 

as a disease, but asa 
collection of predictable 
diseases caused by the 
deterioration of the 
body.” — David Sinclair 


go on at the Buck. The Buck draws $6 milliona 
year from the Buck Trust, and the $25-million 
geroscience grant will be spread over five years. 
With a $30-million annual operating budget 
and a big expansion planned, that leaves a gap 
of more than $20 million a year to fill through 
other grants and private funding. 


Public profile 

But money is flowing to the multibillion- 
dollar industry of anti-ageing products, many 
of which are of a dubious nature. And contro- 
versial personalities, such as former computer 
scientist Aubrey de Grey, are attracting public 
interest and dollars with sexier goals than that 
of the Buck’s. 

De Grey is convinced that all ageing is 
caused by cellular damage; fix that damage 
and humans can live for ever. This tantalizing 
idea has convinced private citizens to donate 
more than $4.5 million to support his Methu- 
selah Mouse Prize, an incentive for researchers 
looking to extend mouse lifespan. But main- 
stream researchers are split on 
whether his simplification of 
the ageing process — and his 
ability to draw large dona- 
tions, such as a $3.5-million 
gift in 2006 from American 
entrepreneur Peter Theil 
— is helping or hurting their 
cause. An invited talk by De 
Grey at the Buck, for instance, divided faculty 
members between those who label his work 
‘pseudoscience’ and want the institute to dis- 
tance itself from him, and those who are glad to 
see the public interested. “Aubrey has his weak 
points, and he grandstands, and that turns 
people off? says Campisi. “But I think the fact 
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that he has stimulated a wealthy donor to give 
money to basic research on ageing is a good 
thing for all of us.” 

Still, donors seem more excited by the hunt for 
a fountain of youth than they are about working 
out the details of normal ageing. “When I say 
I study ageing, people say, “You must be rich’ 
But people aren't rallying to try to understand 
ageing. They're rallying to cure their son of dia- 
betes,” says Helfand. “The disease people get the 
money.’ The National Institute on Aging’s $1- 
billion budget this year is smaller than that of 
the major disease-specific branches of the NIH, 
including those that fund cancer, cardiovascular 
and brain research. And NIH budgets overall 
are stagnant — a trend that has hit independ- 
ent institutes such as the Buck perhaps harder 
than universities and medical centres, which can 
count on alumni and patients. 

But the Buck’s vision is to change that pic- 
ture. If geroscience works, it will produce drugs 
that may one day cure or prevent afflictions 
such as cancer and Alzheimer’s disease. And 
that will benefit regular people — maybe even 
people such as Hughes, who, upon celebrating 
his 45th birthday, estimates that he is halfway 
through his own lifespan. 

“T dont think the point of what I’m doing 
here is to live to 120, but to live for as long as 
I'm going to live and be healthy, and to help the 
field think more clearly about real things affect- 
ing real people in real time,’ Hughes says. ™@ 
Erika Check Hayden writes for Nature from 
San Francisco. 

1. Kenyon, C. Cell 120, 449-460 (2005). 
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THE GIRLNEXT DOOR 


D. P. MITCHELL 
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he panorama is distorted 
and claustrophobic, over- 
cast by a thunder-in-the- 
air gloom. Flat rocks fill the 
view, framed by the men- 
acing, serrated teeth of the 
spacecraft and a patch of 
yellow sky. The lens cap lies 
discarded in the dust as if 
the cameraman had been mugged. Or melted. 

It was 1982 when Venera 13, one of many 
Soviet missions to Venus, landed in this hellish 
place. The four cell-phone-quality panoramas it 
and its sister probe sent back (see opposite page, 
bottom) are still the only colour pictures of the 
surface that researchers have. As the morning or 
evening star, Venus is the brightest and loveliest 
of the planets, but as a subject for science it is 
barely an also-ran. The European Space Agen- 
cy’s Venus Express, launched in 2005, is the first 
mission to Venus since NASAs Magellan mis- 
sion, launched in 1990, was brought to a fiery 
end in the planet’s atmosphere in 1994. Between 
the two, Mars got all the love, with a mission 
almost every year. NASAs planetary database 
now contains about 25 terabytes of martian 
data; America’s space-age Venus data total only 
400 gigabytes — a tenth of the return from the 
two Mars rovers launched in 2003. 

“Venus has been like the forgotten planet,’ 
says Hakan Svedhem, project scientist on the 
Venus Express team. “Mars has completely 
taken over” 

There are various explanations for the 
neglect, but as Venus Express is showing (see 
articles starting on page 629) a dearth of beguil- 
ing questions is not one of them. The runaway 
greenhouse effect that boiled away the oceans 
the planet seems to have started off with draws 
alot of attention and speculation. But scientists 
are also interested in the rocks below. Venus, 
unlike Mars but like Earth, retains enough 
internal heat to drive large-scale planetary 
processes — flows in the mantle and the crust. 
But the ways these processes have played out 
on Earth and Venus are vastly different — in 
part, perhaps, because of that vicious green- 
house effect and the absent oceans. 

To address these questions, planetary 


says NASA’ director of planetary exploration 
James Green. “We're not going to ignore it. It’s 
gathering momentum.” Earlier this month, 
Green announced that NASA would consider 
a ‘flagship’ mission, its highest, multi-billion- 
dollar mission class. He has set up a team to 
study the science questions to be asked and the 
technology that would be needed. 

One explanation for the neglect of Venus is 
simple. Human exploration is a stated prior- 
ity for NASA; human exploration of the sur- 
face of Venus is next to inconceivable. Mars is 
by far the most plausible outpost beyond the 
Moon — and it has the added bonus of being 
considerably more likely than Venus to offer a 
discernible record of past life. 

Extraterrestrial life and human exploration 
excite the public. And if that drives science pol- 
icy, then so beit, says Steve Squyres, a planetary 
scientist at Cornell University in Ithaca, New 
York, and lead scientist for NASA's Mars rov- 
ers. “We are doing science with public money 
and lots of it. We have to keep in mind not just 
our own academic interests,” 
he says. Although he says he is 
equally interested in both plan- 
ets — as a young professor he 
worked on the Magellan mis- 
sion to Venus — his academic 
career is now centred squarely 
on Mars. “To a certain extent, you have to go 
where the data are,” he says. 

Which leads to the other advantage of Mars. 
Scientists study Mars because they can. Mars 
orbiters can map its surface across the whole 
electromagnetic spectrum using radar, a wide 
range of infrared and visible wavelengths, 
ultraviolet and even y-rays. So far, the only 
thorough mapping of Venus’s shrouded surface 
has been by radar, first by some of the Venera 
probes, then by Magellan. 

And Mars science isn't limited to orbiters. The 
thin atmosphere makes slowing down landers 
hard, but once youre down, life's not too dif- 
ficult: Squyres’s rovers have trundled along for 
years now. It’s far easier for engineers to design 
instruments to survive the cold of Mars than itis 
to immerse a probe in Venus’ crushing atmos- 
phere and scalding temperatures. 


“We can't ignore 


Venus any longer.” 
— James Green 
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of contemporary volcanism. Spotting active 
eruptions might kindle interest — Mars’s vol- 
canoes, though monumental, are thought to be 
almost entirely dormant — and might also help 
explain the chemical structure of the atmos- 
phere. But so far, Venus Express has not found 
any lava hot spots. And an instrument that was 
supposed to locate tell-tale plumes of sulphur 
rising from volcanoes has failed to send back 
any useful data. 

With Venus Express pursuing much of the 
science of his rejected orbiters, Baines has 
moved on to balloons — something the Soviet 
Union deployed on Venus more than 20 years 
ago with the Vega probes. In terms of balloon- 
ing, the charms of Venus and Mars are reversed. 
The hardly-there atmosphere on Mars is deeply 
inimical to the idea of floating lazily from place 
to place (which has not stopped such missions 
being suggested). The thick atmosphere on 
Venus, on the other hand, is ideal. A balloon 
55 kilometres up in the venusian atmosphere 
would operate at comfortable temperatures 
and pressures, ferried around 
the world by ample winds. 

Baines says his silvery-green 
balloon would be 7 metres 
across and five layers thick. With 
a coating of Mylar to reflect the 
Sun and a layer of Teflon to pro- 
tect against sulphuric acid, a balloon could last 
months, perhaps a year, he says. A high prior- 
ity for such a mission would be to measure the 
abundance of various isotopes of noble gases, 
which would allow scientists to deduce new 
details of the planet's history. Baines is also 
considering dropping 5-kilogram probes, like 
ballast, which would take pictures of the surface 
as they fell to a crash landing. 

The probes might target specific spots on the 
surface. Most of the surface of Venus is basalt, 
and apparently rather young basalt at that — 
eruptive evidence of the heat within. The age is 
known because Magellan found very few large 
impact craters on the surface compared with 
the surfaces of Mars and the Moon. Fewer cra- 
ters, other things being equal, mean younger 
crust. On Earth, large parts of the crust are kept 
young by plate tectonics. On Venus, though, 


Hanging bright in the morning sky, Venus's allure is obvious; but its blasted surface looks too hot 
to handle. Eric Hand investigates the difficulties of returning to the closest planet — and new plans 


scientists want a surface mission that picks up 
where the Venera probes left off. “You reach a 
point where you want to do more than fly-bys 
and orbiters,” says David Grinspoon, astro- 
biology curator at the Denver Museum of 
Nature and Science in Colorado. “We need to 
push for these more comprehensive missions 
that explore the deep atmosphere and surface 
in situ.” Now Grinspoon and other venusian 
diehards may be getting a few crucial rungs 
higher on NASA’ to-do list. “From my per- 
spective, we can't ignore Venus any longer,” 


to reap the rewards of doing so. 


That hasn't stopped Kevin Baines. “I’ve been 
trying since 1992 to get this country back to 
Venus,’ says Baines, a planetary scientist at the 
Jet Propulsion Lab in Pasadena, California, 
who believes that he holds the record for the 
greatest number of NASA-rejected Venus mis- 
sion applications. His proposals in the 1990s 
included an infrared imager that would map 
the surface, at night, using spectral gaps in the 
atmospheric greenhouse to glimpse the hot 
surface below — a technique Venus Express 
is now using in the hopes of finding evidence 
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there is no evidence of the faults that a surface 
made of shifting plates should have. 

One proposed explanation for the oddity is 
that instead of producing plate tectonics as on 
Earth, convection currents in Venus’ mantle 
knead the crust continuously, thickening and 
thinning it in a way that leaves it crater-free. 
Another, more dramatic, hypothesis is that 
every so often the crust gets so thin and cool and 
dense that it cannot support itself on the man- 
tle. This ‘catastrophic resurfacing’ theory holds 
that, 750 million years ago, all the crust sank at 
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once, turning the entire planet into a sea of 
magma. “That's a good way to get rid ofa 
lot of heat,’ says Steve Mackwell, director of 
the Lunar Planetary Institute in Houston, 
Texas, and a master of deadpan delivery. 
Without new data, it is hard to decide 
between theories. Dropping probes into 
the right places might help — and might 
reveal clues to what the surface was like 
before. If, for example, they were to find 
some ancient granite, a rock that on Earth 
is produced by water-assisted recycling of 
the crust, they would be opening a win- 
dowinto a time when Venus was more like 
Earth, a time when it might have had con- 
tinents, oceans and plate tectonics. “That 
would bea revelation,” says Baines. 


The nuclear fridge option 

A lander or rover might also search out 
minerals or structures associated with 
now-closed chapters in the planet's history. 
Although tricky, a surface mission is not 
impossible, says Larry Esposito of the Uni- 
versity of Colorado at Boulder. There are 
three choices: insulate your probe and do 
the science quickly (as the Venera probes 
did, and Baines’s drop-probes would); 
use temperature-resistant electronics; or 


Balloons would be oddly apt for studying Venus. 
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transformed into desert, with vestiges of 
the life ofits early wetter days possibly still 
preserved. Venus, on the other hand, lost 
its allure, its swamps and oceans evapo- 
rated by the evidence of prohibitive sur- 
face temperatures that emerged in the 
1960s. (The dream lingered on — the Ven- 
era landers were designed to float if they 
landed in the sea.) “Venus suffers from not 
fulfilling our pre-space-age expectations,” 
says Grinspoon. “We put Venus up on this 
pedestal. And it disappointed us.” 

In the past decade, an alternative nar- 
rative for Venus with obvious appeal has 
sprung up: Venus as a cautionary tale of 
greenhouse warming run amok. “Now, 
I think, the environment is a bigger con- 
cern,” says Esposito. “It’s causing people 
here on Earth to pay more attention to 
Venus.” Chin goes so far as to say that 
the case for Venus exploration has been 
helped by Al Gore's Nobel prize for cam- 
paigning on global warming. 

Gore himself might be wary of exag- 
gerating the links too much. Earth’s 
atmosphere is 0.04% carbon dioxide; that 
of Venus is 95%. If humans burned all of 
Earths fossil fuel in one go, the atmosphere 
would still be only about 0.2% carbon 


refrigerate the craft. The technologies of 
deep-sea submersibles that investigate black- 
smoker chimneys on Earth could translate well 
to venusian probes of the first sort, Esposito says, 
whereas heat-resistant electronics, which might 
be required for, say, a network of passive seis- 
mometers listening for quakes and eruptions, 
would be expensive to develop. A rover mis- 
sion, or anything else intended 
to lead an active life of longer 
than a day, would need refrig- 
eration, which requires a con- 
tinuous power source. That 
means nuclear power of some 
sort. And that means a very 
expensive mission. 

A nuclear rover might stretch the budget of 
even a flagship mission (the Mars Science Labo- 
ratory, a non-nuclear, non-refrigerated propo- 
sition, is currently budgeted at US$1.7 billion). 
A simple lander, though, or a balloon, might be 
cheap enough to fall within NASA's $700-million 
New Horizons mission category. And a bargain 
basement $425-million Discovery-class orbiter 
is still a possibility. Vesper, a Venus orbiter that 
would explore the carbon chemistry of the 
atmosphere, was proposed for the next round of 
Discovery missions by Gordon Chin, a planetary 
scientist at NASAs Goddard Space Flight Center 
in Greenbelt, Maryland. It has survived to the last 
stage of the selection process, but as Baines and 
Chin know from experience, a long history as 
bridesmaids has yet to see a Venus mission win 
its own special day. 

With a flagship mission on the cards, might 
NASA be less likely than ever to approve a 
smaller Venus mission? Baines thinks otherwise. 
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“We put Venus up on 
this pedestal, and it 


disappointed us.” 
— David Grinspoon 


Venus orbiters and balloons could act as scouts 
for a major mission, he says. “If we can get those 
to work, people will be more comfortable spend- 
ing the big money ofa flagship mission.” 

Other nations may also quicken the pace 
of discovery. Although Europe has no firm 
plans to follow on from Venus Express — itself 
something of an afterthought 
in the wake of Mars Express 
— Japan has an orbiter slated 
for 2010. And Russia, which 
has not launched a successful 
planetary mission since the 
fall of the Soviet Union, has 
proposed a Venera-D mis- 
sion that might include a lander with a launch 
window of 2016-18. 


A farewell to fantasy 

Engineering a viable Venus probe, and paying 
for it, is only part of the challenge. To justify 
a flagship mission, NASA’ Green says it is up 
to scientists to ask compelling questions that 
demand new research. Beyond that, they need 
to engineer a new narrative, one that rallies 
other scientists and excites the public. 

In pre-space-age science fiction, that wasn't 
a problem: Venus was a young, oceanic planet 
shrouded in cloud that acted as a counterpoint 
to the ancient clear-skied deserts of Mars. 
Sometimes it was a swampy home to dinosaurs, 
sometimes to frog people. 

Mars, though, largely through chance, has 
managed to hold on to the narrative that has 
held sway since the days of Percival Lowell and 
his canals — the story of a once-watery planet 
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dioxide, says James Kasting, a planetary 
scientist at Pennsylvania State University in Uni- 
versity Park. Besides, Kasting says, models show 
that distance from the Sun is the critical factor in 
pushing a carbon-dioxide greenhouse over the 
edge into an ocean-evaporating runaway state. 
Only ina billion years, when the Sun is 10% hot- 
ter, will such a thing be likely on Earth, he says. 

But perhaps Venus doesn’t have to be of 
direct relevance to Earth’s future to be exciting. 
Perhaps its very difference will be the key to its 
importance. For along time the study of Earth- 
like planets has been limited to just Earth and 
its two nearest neighbours, siblings with life his- 
tories to compare and contrast. But those days 
are coming to an end. Current missions such 
as France's Corot, and future missions such as 
NASAs Kepler, due to launch in 2009, may dis- 
cover a far greater range of Earth-sized planets 
outside the Solar System. 

To understand the thin streams of data from 
those far-off worlds, an understanding of the full 
range of possibilities for an Earth-like planet's 
evolution will be important. “What if we find 
a couple dozen planets — and they’re all dead 
planets?” asks Sara Seager, an astrophysicist 
at the Massachusetts Institute of Technology. 
“We're going to want to understand them.’ Stud- 
ying Venus, she says, “might help us understand 
what leads to a habitable planet and what leads 
to a dead planet.” In the context of the farthest 
planets ever studied, the story of the planet clos- 
estto hand maytakeonanewimportance. m 
Eric Hand writes on physical sciences in 
Nature's Washington DC office. 


See also News & Views, page 617. 
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CORRESPONDENCE 


Each co-author should sign 
to reduce risk of fraud 


SIR — Although I am in favour of all efforts 
to reduce scientific fraud, I do not feel that 
the proposal made in your Editorial “Who is 
accountable?’ (Nature 450, 1; 2007) — 
namely, for researchers to sign a policy 
statement — will have any real effect. 

Researchers must already navigate 
numerous formalities during the publication 
process. Signing such statements could soon 
become so routine that they would not give 
ita second thought. During investigations 
into scientific misconduct, these signatures 
would not constitute evidence of anything. 
We already have rules about integrity and 
conduct; disciplinary committees gain no 
leverage by pointing to additional signatures 
on additional declarations. 

I support the push for declarations that 
require careful thought on the part of each 
co-author. Once each co-author is required 
to describe his or her contribution and to sign 
a final description of the division of labour, 
then it will be clear who is responsible for any 
particular aspect of the work. Researchers 
can limit their liability to fraud charges 
only by limiting their claim to the paper's 
achievements. 

Only by such an active process can 
investigators use these declarations as 
meaningful statements. Given the additional 
benefit of recording each researcher’s 
contribution to impact, this system might 
warrant the extra burden. 

Kevin Yager 

Polymers Division, National Institute of 
Standards and Technology, 100 Bureau Drive, 
MS 8541, Gaithersburg, 

Maryland 20899-8541, USA 


Readers are welcome to comment at http:// 
blogs.nature.com/nautilus/2007/10/ 
accountability_of_co-authors.html 


Moon is the best witness to 
early Solar System history 


SIR — Nature usually recognizes emerging 
areas of scientific importance and adheres 
to high scientific and journalistic standards, 
so you are probably embarrassed by your 
amateurish and out-of-touch Editorial 
‘Because it’s there (Nature 450, 2; 2007). 
You remark “Although there are interesting 
scientific questions about the Moon, few, 
if any, are of the first order.” This insults 
planetary scientists who have been working 
hard to understand the early history of our 
Solar System. 

The Moon is recognized as the best 
available witness to 4.5 billion years of Solar 
System history; the early record is clearer 
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and more complete there than on any 
other planetary body. Its importance is 
well documented in the recent report 
published by the National Research 
Council of the National Academies, 

The Scientific Context for Exploration of 
the Moon (http://books.nap.edu/catalog. 
php?record_id=11954). 

Carle M. Pieters, George A. Paulikas 
National Research Council Committee on the 
Scientific Context for Exploration of the Moon, 
Washington DC, USA 


Modifying theories is the 
fabric of scientific progress 


SIR — Your News story ‘Long-held theory 

is in danger of losing its nerve’ (Nature 449, 
124-125; 2007) discussed recent technical 
criticisms of work by Henri Korn, Don Faber 
and colleagues that was published in the early 
1980s. Korn and his co-authors have replied 
to this News story in Correspondence 
(‘One-vesicle hypothesis has been extensively 
discussed’ Nature 449, 781; 2007). 

I would like to add my view, as I find 
it disturbing not only that you publish 
suggestions of data fabrication, but also 
that you revive old allegations against 
Korn that have already been dismissed 
in 1989 and 2004. 

Classical work by Bernard Katz and 
colleagues showed that neurotransmitter 
release is quantized at the neuromuscular 
junction. These early workers formulated 
a mathematical approach to investigate 
the statistics underlying neurotransmitter 
release, termed quantal analysis. There 
were two important parameters, the 
release probability, p, and n, which was 
interpreted as the number of available 
vesicles. Because p was small and n was 
larger, Poisson statistics seemed to be an 
adequate approximation to neurotransmitter 
release statistics. When quantal analysis 
was applied in the central nervous system, 

n did not seem to be large any more and 
binomial statistics thus emerged as the 
model of choice. 

This posed a problem regarding the 
biological interpretation of the parameter 
n, as it was small in relation to the number 
of vesicles. Korn, Faber and colleagues, 
guided by experiment and modelling, 
proposed that n represents the number 
of synaptic contacts rather than the 
number of vesicles. This fundamental 
insight changed the way in which 
neuroscientists think about synaptic 
transmission. 

Like every influential theory, this proposal 
has been extensively scrutinized and refined 
over the past quarter of a century. It turns 
out that the model parameters n and p 
have more complicated biological 
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interpretations and are not stable over time 
or across synapses. In some systems, even 
the very concept of quantal transmission 
seems to be violated. 

However, finding exceptions and 
modifications to scientific theories does 
not invalidate the theories or make them 
worthless. Rather, this is the very fabric 
of the scientific process. To instil a sense 
of scandal into this process degrades 
science and misleads the public about 
the scientific process. 

Felix E. Schweizer 

Department of Neurobiology, David Geffen 
School of Medicine, University of California at 
Los Angeles, 650 Charles E. Young Drive South, 
Los Angeles, California 90095-1763, USA 


Good thinking should not 
be wasted on bad ideas 


SIR — Your Editorial “Watson’s folly’ (Nature 
449, 948; 2007) seemed to contradict itself. 
Appropriately, you censured Watson for his 
past and recent racist pronouncements, but 
with the same pen you chided organizations 
for cancelling his speaking engagements, 
scolding them because “science is about 
nothing if not openness and critical debate”. 
But the issue at hand really has nothing to 
do with science. In the most forgiving light, 
it is social polemics, and in the worst it is 
simple racism. 

Watson’s actions may be viewed as folly by 
racists, but to moral individuals his words are 
an indecency. Not every social conjecture is 
a valid scientific hypothesis; and humanity 
should not waste good thinking on hateful, 
immoral ideas. Watson's admitted statements 
were not folly: they were reminders of the 
extensive obstacles that many peoples still 
face in their quest for equal opportunity in 
democratic societies. 

The organizations that cancelled Watson's 
engagements are socially responsible. Those 
engagements were never planned as forums 
for debate of Watson's racist attitudes. 
Decisive action by those organizations 
prevented any perception that his assault on 
human dignity was permissible. 

James L. Sherley 

Programs in Regenerative Biology and Cancer, 
Boston Biomedical Research Institute, 
Watertown, Massachusetts 02472, USA 


Readers are welcome to comment at 
http://blogs.nature.com/news/ 
thegreatbeyond/2007/10/james_watsons_ 
race_row.html. 


Contributions to Correspondence may be 
submitted to correspondence@nature.com. 
They should be no longer than 300 words, 
and ideally shorter. Published contributions 
are edited. 
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The great debate 


Today's take on the stem-cell field could recede rapidly in tomorrow's rear-view mirror. 


Fundamentals of the Stem Cell Debate: 
The Scientific, Religious, Ethical and 
Political Issues 

edited by Kristen Renwick Monroe, Ronald 
B. Miller and Jerome Tobis 

University of California: 2007. 226 pp. 
$50.00, £29.95 (hbk); $19.95, £11.95 (pbk) 


Christopher Thomas Scott 

How best to portray stem-cell research, an area 
of biology that is on a tear? Add to the science 
a swarm of disciplines busily dissecting its 
impact — law, ethics, policy and commerce. 
Then, if you arent susceptible to searing head- 
aches, go global. Fortunately, there are brave 
writers out there confronting the challenge, 
supplying a steady stream of books that grap- 
ple with all of this. The difficulty is discovering 
the titles that make the best sense of it. 

The editors of Fundamentals of the Stem Cell 
Debate may have had this in mind when com- 
piling their volume. And who better to invite 
as contributors than a group of scientists and 
academics who do it for a living? 

I never start a book anywhere but at the 
beginning, but I suggest that readers start in the 
middle of this one, with Lawrence Goldstein's 
chapter 5. Goldstein, director of the stem-cell 
research programme at the University of Cali- 
fornia, San Diego, hits the right notes with his 
concise history, clear technical explanation 
and straight talk about science and politics. He 
emphasizes that we don't settle policy disagree- 
ments by allowing governments to do some 
things and not others — no governing would 
get done. It’s the same for science: if we fund 
just the research that some find acceptable, no 
research will get done. 

Fundamentals of the Stem Cell Debate is a 
“comprehensive overview for a wide audience’, 
say the publishers. Many of the surveys, though, 
skirt a deep treatment of the science, probably 
because it is fluid territory. For example, more 
could be said on whether adult stem cells can 
differentiate into different tissues and, if they 
do, what it might mean for future therapies. 
Peter J. Bryant and Philip H. Schwartz have a 
crack at it in the first two chapters. Thick with 
citations and written like review articles, these 
could stymie casual readers. But the authors do 
a solid job of summarizing the field, and the 
references are valuable for further scholarship. 

The book breaks new ground by briefly men- 
tioning the ethics of clinical trials. Therapeutic 
applications of stem cells are the next set of big 
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issues for bioethics. The evaluation of preclini- 
cal results, safety, informed consent, choosing 
human subjects and oversight are a few of the 
topics now appearing in journals. No overview 
would be complete without another argument 
about the moral status of the embryo, and there 
are chapters on ethics and differing religious 
perspectives. 

The chapter on religion is a well-written sum- 
mary of the principal positions on embryonic 
stem-cell research around the world, but I wish 
authors would attempt to place the US religious 
framework into an international context. On 
some cases — and I suppose it’s true here — the 
positions of Eastern religions are still emerging, 
so there is scant literature to review. 

This book joins a constellation of releases 
that examine stem cells through different 
lenses. Readers should pick a few titles to get 
the full picture of how this formerly quiet cor- 
ner of biology has exploded into new realms. 
For an account of the controversies surround- 
ing patents and law, read Russell Korobkin’s 
new book, Stem Cell Century (2007). If you 
hanker for activism, try Eve Herold’s Stem Cell 
Wars (2006), an insider account of politics and 
law-making. New books on stem-cell ethics are 
overdue, but older compilations such as The 
Human Embryonic Stem Cell Debate (2001) and 
God and the Embryo (2000) offer lively debates 
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from a different perspective. Popular science 
has a few to choose from: I like Ann Parson's 
The Proteus Effect (2004). Another, Michael 
West's The Immortal Cell (2003), prefaces each 
chapter with a bible verse. 

Itis odd we have a profusion of general books 
about stem cells but still no introductory text- 
book. Likely reasons are that the field hasn't yet 
coalesced and the subject cuts across the tried- 
and-true (and profitable) developmental and 
cell biology texts, now lumbering into twilight 
editions. A good introduction should include 
chapters on ethics, law and society — a hybrid 
that may not fit neatly into a marketing niche. 

In the meantime, readings from Fundamen- 
tals of the Stem Cell Debate could be listed on an 
introductory curriculum, together with semi- 
nal research papers and chapters from foun- 
dational texts such as the fifth edition of Bruce 
Alberts’ Molecular Biology of the Cell (2007), 
and the eighth edition of Scott Gilbert’s Devel- 
opmental Biology (2006). 

The challenge for the serious reader is to 
keep up with all these breathtakingly rapid 
developments. | 
Christopher Thomas Scott is director of the 
Stanford University Program on Stem Cells in 
Society, 701 Welch Road, Suite A1105, Palo Alto, 
California 94304. He is author of Stem Cell Now: A 
Brief Introduction to the Coming Medical Revolution. 
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Is artificial life moving any closer? 


Genesis Redux 

edited by Jessica Riskin 

University of Chicago Press: 2007. 389 pp. 
$25, £16 


Beyond Human 

by Gregory Benford and Elisabeth 
Malartre 

Tor/Forge: 2007. 272 pp. $24.95 


Greg Bear 

Three vinyl toys stand on my office bookshelf: 
the Golem, Frankenstein’s monster and the 
Terminator — a reminder that automatons of 
the imagination have been with us for a long 
time. The synthesis of life in both the past and 
future is discussed in two new books that open 
a window on to artificial life, enhanced life and 
robots. Genesis Redux gathers together papers 
from a rousing academic conference held in 
Stanford in 2003, and Beyond Human offers 
a critical but enthusiastic view from a physics 
and biological perspective. 

The strength of Genesis Redux lies in its 
scholarship and range of topics. Clockworks, 
mechanical toys and their influence on bio- 
logical concepts are presented in fascinating 
detail. Joan Landes introduces us to the Hoff- 
manesque works of Jacques de Vaucanson’s 
feminine flautist and (excreting) duck, and to 
the flayed, preserved and posed cadavers, the 
écorchés, of Jean-Honoré Fragonard: there is 
a dancing fetus and a very naked man staring 
in horror, jawbone in hand. Landes delivers 
a lively analysis of our reactions to the abject 
and uncanny, the frisson so beloved by fans of 
Dr Frankenstein. 

Philosophers and scientists of the day — 
before the younger Darwin — were already 
deeply concerned with the analogies that could 
be drawn between mechanism and creature. 
Were they useful, or misleading? The question 
remains in play. And life and thought are diffi- 
cult to simulate (as Drosselmeyer, the toy-maker 
and magician from The Nutcracker, would tes- 
tify) — but even harder to implement. 

Less obviously connected with artificial 
life is an essay by Elliott Sober on sex ratios in 
human populations, and whether they point 
to a benevolent creator or to mere chance. 
Therein lies a profound question: if life is the 
result ofa creative act, then is all life ‘artificial’? 
What if there is, as godless evolution surely 
implies, self-creation? Are we not then our own 
artefacts, mechanisms of joy and magic — and 
does that wrap us in another illusion, like the 
beauty of a clockwork flute-player? 

Norton Wise discusses the masculine and 
feminine Victorian categorization of men as 
prime mover — ‘engine’ — and women as 
‘mechanism. And yet no mention is made of 
Mary Shelley, the most influential engine of 
artificial life in history. Likewise, in most of 
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these discussions a paucity of references to 
key literature prevails. H. G. Wells’s The Time 
Machine is cogently discussed, but not The 
Island of Doctor Moreau, The New Accelerator 
or The Food of the Gods. Completely neglected 
is Robert A. Heinlein, creator of Mike, the first 
computer graphic artificial intelligence, in The 
Moon Is a Harsh Mistress — though many of 
Mike’s children peer out of its illustrations. 
Bernadette Bensaude-Vincent gives a brief 
history of nanotechnology and its key analo- 
gies, drawn from molecular biology. In 1961, 
Richard Feynman was intrigued by the pos- 
sibility of increasingly tiny assemblers. Eric 
Drexler hopes to emulate organic molecules in 
more enduring form. But the present bull mar- 
ket for nanotech seems to have devolved into 


The Terminator: should we 
be preparing for the perils of 


creating life from scratch? 


i. 


innovations in materials science, rather thana 
quest to create tiny self-replicating machines. 
The same thing happened with artificial intel- 
ligence and neural network theory — high 
aspirations became mired in frustration, then 
subsumed by lower-level research and indus- 
trial buzzwords, lofty goals redefined. 

Genesis Redux takes the time to shed light on 
areas I would not naturally consider, and thus 
enlightens and expands the topic. Its cautious 
perspective — the enthusiasms of the past con- 
sidered in the sober light of history — provides 
a useful counterpoint to our next book. 

In Beyond Human, Gregory Benford and 
Elisabeth Malartre (a husband-and-wife team) 
take a more personal, promotional approach, 
and deftly give credit to the actual creators 
and thinkers: scientists, engineers, philoso- 
phers, writers and film-makers. Interviews 
with pioneers and participants in enhance- 
ment research, robotics and engineering, and 
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informed perspectives on the theory, econom- 
ics and actuality of life extension, give Beyond 
Human the flavour of a tourist guide to the 
future, conducted by natives, rather than a mis- 
sionary’s critical, hands-off examination. 

The authors detail the experiences of our 
true cyborgs — disabled people whose high- 
tech prosthetics may make them more compet- 
itive than their able peers. They try to answer 
technical questions about the smallest size 
attainable for nanobot fingers and the practical 
limits of very small manipulators, and by impli- 
cation, tiny intelligence devices. Their limiting 
answers could stimulate and irritate research- 
ers into devising clever workarounds. 

As biology and synthetic biology converge, 
and true artificial life becomes more and more 
feasible, the power for change will exceed that 
of nuclear energy. The fire of life is more subtle 
and pervasive and, through mass production 
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and the internet, is being made available not 
just to well-funded government institutions but 
to private individuals. Training and research at 
secondary school will be essential for the bio- 
tech future, but could put dangerous tools into 
the hands of those whose aim is mass destruc- 
tion — be they terrorists or domestic bigots. 
Institutions and journals should begin plan- 
ning the necessary precautions; public discus- 
sion and professional prudence are essential. 
One terrorist incident could shut down basic 
research for years. 

Together, these books serve up a feast with 
many side-dishes. The future is not behind us. 
Full of danger and potential, it is still unex- 
plored territory, waiting to be rediscovered 
after our early encounters in nightmares and 
daydreams. a 
Greg Bear is the author of Quantico, Darwin's 
Radio and Queen of Angels. He can be contacted 
at www.gregbear.com. 
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EXHIBITION 


The art of arthropods 


Nick Thomas 
A Californian entomologist uses 
insects as living paintbrushes to 


sensation,” he says. “These works 
of art render the insect tracks and 
routes visible, producing a visually 
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create abstract art. After loading 
water-based, non-toxic paints on to 
the tarsi and abdomens of insects, 
Steven Kutcher directs his bugs to 
create their ‘masterpieces’. 

Kutcher controls the direction 
and movement of his arthropods 
— suchas hissing cockroaches 
(pictured), darkling beetles and 
grasshoppers — by their response 
to external lighting. The result is 
controlled and random movements, 
created in a co-authorship between 
the artist — with predetermined 
ideas about colour, form, shape 
and creative flexibility — and his 
living brushes. 

Kutcher's art is more than just 
anovelty, because it reveals the 
hidden world of insect footprints. 
“When an insect walks on your 
hand, you may feel the legs move 
but nothing visible remains, only a 


pleasing piece.” 

Aninsect-lover from childhood, 
Kutcher has a master's degree 
in entomology and has taught 
biological sciences at various US 
colleges. Since the 1970s, he has 
worked as a‘bug wrangler’ on 
some 500 movies, TV shows and 
advertisements, where he also 
used hair dryers, electric tape, and 
chemical repellents and attractants 
to control insect movement. He 
manipulated the tiny Steatoda 
grossa spider (painted blue and 
red) that nipped actor Tobey 
Maguire in Spiderman. 

The idea for Kutcher's bug art 
originated in 1985, when he was 
hired to create fly footprints by 
making a fly walk through ink 
for an advertisement for Steven 
Spielberg's television series 
Amazing Stories. 


This unique artist-arthropod 
partnership has so far yielded 
over a hundred works, typically 
characterized by vibrant, eye- 
catching colours and designs, 
splattered with trailing dots and 
dashes (see www.BugArtbySteven. 
com). Kutcher is now gathering 
pieces to form a travelling exhibit 
for art and natural history museums 
throughout the United States. 

“| hope people will look at these 
works and see the duality of art and 


science,” he says. “Each insect is 
writing a page in its life, and every 
painting is a new discovery.” | 
Nick Thomas is associate professor 
of chemistry at Auburn University, 
Montgomery, Alabama 36124, USA. 


Kutcher's bug art is on display 

at the Entomological Society of 
America meeting in San Diego (9- 
12 December) and at the Lancaster 
Museum (15 December-13 January 
2008), in California. 


Ona molecular mission 


Elizabeth Blackburn and the Story of 
Telomeres: Deciphering the Ends of DNA 
by Catherine Brady 

MIT Press: 2007. 424 pp. $29.95/£19.95 


Maria A. Blasco 

“I want to understand how living things work,’ 
declared a young Liz Blackburn to Frank Hird, 
her supervisor at the University of Melbourne, 
when asked why she wished to pursue a scien- 
tific career. Back in the 1960s, Blackburn could 
not have imagined that she would later be the 
main player in two fundamental discoveries in 
biology: the molecular nature of the ends of 
chromosomes, or telomeres, and the identifica- 
tion of the enzyme telomerase. 

Catherine Brady’s biography is a page- 
turner from the first chapter, weaving together 
the heroine’s personality with her success as 
a scientist. We learn about Blackburn's fam- 
ily and her first tentative steps in the science 
world that eventually led to the discovery of 
telomerase in the mid-1980s, and about her 
determination, her curiosity, her way of deal- 
ing with situations and her opinions on the 
peer-reviewing process. 

In highlighting the factors that shaped 
Blackburn's career, we follow her incursions 
into policy-making and science ethics: first as 
president of the American Society of Cell Biol- 
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Arm arrangement: Liz Blackburn, discoverer of 
telomeres and telomerase, in her laboratory. 


ogy (ASCB) and as the chair of the Department 
of Microbiology and Immunology at the Uni- 
versity of California in San Francisco (UCSF), 
and then as part of the Bioethics Advisory 
Council to President George W. Bush — from 
which she was dismissed for her views on stem- 
cell policy. 
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Blackburn has been an inspiration to those 
of us who started out in the field of telomeres. 
The book conveys a vivid impression of her 
that matches a personal encounter. Her equable 
temperament does not prevent her from having 
strong views, and she emerges asa valuable role 
model in the sometimes unsettling treatment 
of women in the world of science. 

Born the second daughter of seven children 
in Tasmania, Australia, to a family of profes- 
sional scientists (her parents were medical 
practitioners and her grandfather and great- 
grandfather were geologists in China). An 
early interest in chemistry and biochemistry 
propelled her to Hird’s lab for her doctorate, 
which matured her forceful scientific mind and 
reaffirmed her interest in science as a modus 
vivendi. Then Blackburn went on to what at the 
time was the Olympus of molecular biology, 
the Medical Research Council (MRC) labora- 
tory in Cambridge, a place packed with past 
and future Nobel laureates that would become 
the gold standard for today’s top scientific 
institutions. 

The MRC laboratory was hosting a revolu- 
tion in molecular biology, powered by discov- 
eries about cellular mechanisms fundamental 
to life. Fred Sanger’s DNA-sequencing work 
particularly attracted Blackburn, and from him 
she learned her pragmatic approach to science. 
As Brady points out, the heady ambience of the 
laboratory was marred by some male chauvin- 
ism (with Watson and Perutz receiving special 
mention). Blackburn discovered how things 
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were in top scientific institutions: extreme 
dedication and long working hours, with no 
supporting hierarchies — what Brady calls a 
“rat lab”. Fellow scientists became her family 
substitutes and friends, and there she met her 
future husband, John Sedat. 

Blackburn's DNA-sequencing skills were for 
her the key to discovery, and she took them to 
Joe Gall’s lab in Yale after a short break to climb 
to Mount Everest’s base camp with Sedat. In 
Gall’s lab were some of the future principals of 
the telomere field — Ginger Zakian, Mary-Lou 
Pardue and, later, Tom Cech. It was there that 
Blackburn discovered in 1976 that Tetrahy- 


mena chromosomes end ina series of repeated 
runs of cytosine bases that varied in length. 
Although this was the first molecular insight 
into the structure of chromosome ends, it was 
not seen as important by the community, 
which is surprising in view of its implications 
for chromosome replication and transmission 
of genetic information. Blackburn blames the 
perception of Tetrahymena as a “freak organ- 
ism”. But it also fell outside what was then 
mainstream molecular biology. The story 
repeated itself when she, together with Carol 
Greider, discovered telomerase in 1985. By 
then it was clear that telomere replication was 


a fundamentally important process, but telom- 
erase continued to receive scant attention until 
1994-95, when it was shown to be aberrantly 
activated in most human cancers. 

The biography succeeds in capturing Black- 
burn’s vision, which has encouraged her to 
pursue unbeaten tracks to make discoveries 
that today hold therapeutic promise for both 
cancer and ageing. a 
Maria A. Blasco is head of the Telomeres and 
Telomerase Group in the Molecular Oncology 
Program at the Spanish National Cancer Centre 
(CNIO), Melchor Fernandez Almagro 3, 28029 
Madrid, Spain. 


Is technology unnatural? 


The Artificial and the Natural: An Evolving 
Polarity 

edited by Bernadette Bensaude-Vincent 
and William R. Newman 

MIT Press: 2007. 331pp. $40 


Philip Ball 

The topic of this book — how boundaries are 
drawn between the natural and the synthetic — 
has received too little serious attention, both in 
science and in society. Chemists are justifiably 
touchy about descriptions of commercial prod- 
ucts as ‘chemical-free; but the usual response, 
which is to lament media or public ignorance, 
fails to recognize the complex history and soci- 
ology that lies behind preconceptions about 
chemical artefacts. The issue is much broader, 
however, touching on areas ranging from stem- 
cell therapy and assisted conception to biomi- 
metic engineering, synthetic biology, machine 
intelligence and ecosystem management. 

And it is not an issue for the sciences alone. 
Arguably, the distinction between nature and 
artifice is equally fraught in what we now call 
the fine arts — where again it tends to be side- 
stepped. Some modern artists address the mat- 
ter head on with their interventions in nature 
— for example, the artificial rainbows of Andy 
Goldsworthy — but much popular art criti- 
cism now imposes a contemporary view, even 
on the old masters. Through this lens, Renais- 
sance writer Giorgio Vasari’s astonishment that 
Leonardo’s painted dewdrops “looked more 
convincing than the real thing” seems a little 
childish, as though he has missed the point of 
art. No one today believes that the artist’s job 
is to mimic nature as accurately as possible. 
Perhaps with good reason, but it is left to art 
historians to point out that there is nothing 
absolute about this view. 

At the heart of the matter is the fact that ‘art 
has not always meant what it does today. Until 
the late Enlightenment, it simply referred to 
anything human-made, whether a sculpture or 
an engine. The panoply of mutated creatures 
described in Francis Bacon’s The New Atlantis 
(1627) were the products of ‘art; and so were 
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the metals generated in the alchemist’s labora- 
tory. The equivalent word in ancient Greece 
was techné, the root of ‘technology’ of course, 
but in itself a term that embraced subtle shades 
of meaning, examined here in ancient medi- 
cine by Heinrich von Staden and in mechanics 
by Francis Wolff. 

The critical issue was how this ‘art’ was 
related to ‘nature, roughly identified with what 
Aristotle called physis. Can art produce things 


Oil painting by Jan van Huysum (1682-1749): 
does art imitate nature, or improve on it? 


identical to those in nature, or only superficial 
imitations of them? (The latter belief left Plato 
rather dismissive of the visual arts.) Does art 
operate using the same principles as nature, or 
does it violate them? Alchemy was commonly 
deemed to work simply by speeding up natu- 
ral processes: metals ripened into gold sooner 
in the crucible than they did in the ground, 
and (al)chemical medicines accelerated natu- 
ral healing. And although some considered 
‘artificial’ things to be inferior to their ‘natu- 
ral’ equivalents, it was also widely held that 
art could exceed nature, bringing objects to 
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a greater state of perfection, as Roger Bacon 
believed of alchemical gold. 

The emphasis in The Artificial and the Natu- 
ralis historical, ranging from Hippocrates to 
nylon. These motley essays are full of wonders 
and insights, but are ultimately frustrating in 
their microcosmic way. There is no real syn- 
thesis on offer, no vision of how attitudes have 
evolved and fragmented. There are too many 
conspicuous absences (Leonardo da Vinci for 
one) for the book to represent an overview. 

It would have been nice to see some analy- 
sis of changing ideas about experimentation, 
the adoption of which was surely hindered by 
Aristotle’s doubts that ‘art’ (and thus labora- 
tory manipulation) was capable of illuminat- 
ing nature. Prejudices about experiments often 
went further: even in the Renaissance, one was 
free to disregard their results if they conflicted 
with a priori truths’ gleaned from nature, rather 
as Pythagoras advocated studying music by 
“setting aside the judgement of the ears”. And it 
would have been fascinating to see how these 
issues were discussed in other cultures, particu- 
larly in technologically precocious China. 

But most important, the discussion sorely 
lacks a contemporary perspective, except for 
Bernadette Bensaude-Vincent’s chapter on 
plastics and biomimetics. This debate is no 
historical curiosity, but urgently needs airing 
today. Legislation on trans-species embryology, 
reproductive technology, genome engineering 
and environmental protection is being drawn 
up, based on what sometimes seems to be lit- 
tle more than a handful of received wisdoms 
(some of them scriptural) moderated by con- 
ventional risk analysis. There is, with the pos- 
sible exception of discussions on biodiversity, 
almost no conceptual framework to act as a 
support and guide. 

All too often, what is considered ‘natural’ 
assumes an absurdly idealized view of nature 
that owes more to the delusions of Rousseau’s 
romanticism than to any historically informed 
perspective. By revealing how sophisticated, 
and yet how transitory, the distinctions have 
been in the past, this book is an appealingly 
erudite invitation to begin the conversation. m 
Philip Ball is a consultant editor for Nature. 

His most recent book is The Devil's Doctor 
(Heinemann/FSG, 2006). 
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ESSAY 


The ethical regulation of science 


Occasionally science makes procedures possible that are so radical that those at the interface 
between science and politics are called on to define moral standards for society. 


Mary Warnock 


When in 1978 the first baby was born by 
in vitro fertilization (IVF) it was inevitable 
that there would be calls for the procedure 
to be prohibited. That science develops too 
fast for morality had become the cliché 
of the twentieth century. Wisely, the UK 
government decided to set up a committee 
from which to seek advice before legislat- 
ing on such a complex and emotive issue. 

The Committee of Enquiry into Human 
Fertilisation and Embryology was founded 
to examine the social and ethical implica- 
tions of the new techniques. Therefore the 
committee could not be made up entirely 
of physicians and scientists. With some 
difficulty, 16 people — including meas the 
chair — were gathered to look at the prob- 
lem from all angles. Our areas of expertise 
included social work, law and theology. 

We were not a group of ‘moral experts; 
with particular moral authority derived 
from our expertise. Rather, our entitlement 
to propose legislation derived from the fact 
that we had been set up by government 
and that we had been given the time and 
resources to do so. The only other require- 
ment was that we should all be capable of 
formulating and listening to arguments. 

The central and most controversial issue 
before us was whether or not research 
using live embryos should be permitted. 
There was little possibility of a moral con- 
sensus. If research were prohibited, IVF 
could not continue. It would have been 
too risky for patients. 

When legislation seemed imminent in 
Britain, the Catholic Church published an 
instruction condemning IVF and research 
using human embryos. The Church stated 
that its instruction was based on “the cri- 
teria of moral judgement as regards the 
application of scientific research and tech- 
nology, especially in relation to human life 
and its beginnings”. 

The Church claimed a right to regulate 
science in this area, because of its superior 
knowledge of morality. In sharp contrast, 
the committee's entitlement to issue moral 
advice to ministers derived from its having 
been set up to do so, and from its having a 
wide and non-partisan membership. 

Prohibition of IVF did not seem to the 
majority of the committee to be a serious 
option, given its widespread welcome as 
an innovative remedy for infertility. We 
all regarded infertility as a serious mal- 
function, causing much distress. Instead, 


we proposed a strict system of licensing, 
backed up by the criminal law. Regula- 
tion was not a mere sop to science-phobia. 
There was a real danger that women, des- 
perate to conceive, might be exploited, 
taken in by unrealistic promises and 
charged extortionate fees for futile or dan- 
gerous treatment. 

Establishing what limits should be placed 
on embryonic research entailed a decision 
by the committee as to the moral 
and legal status of the 
live human embryo 
in vitro. Those 
who opposed the 
use of embryos in 
research could seek 
to demonstrate that 
it was morally wrong 
only by answering 
in advance the very 
question we were 
asking. They deemed 
that the embryo had 
the same moral status as 
any human being. One of 
the most difficult tasks the 
committee faced was to get 
parliament to understand that the status of 
the embryo in vitro was a matter not of sci- 
ence but of moral decision. The novelty of 
the embryo in vitro meant that there could 
be no appeal to precedent or existing moral 
convention or to religious laws. 

We recommended that research using 
early embryos might continue. But the law 
demands certainty. We therefore recom- 
mended that it should be a criminal offence 
to keep an embryo alive in the laboratory 
more than 14 days after fertilization. The 
14-day rule was criticized by those who 
sought to prohibit the research altogether 
and by those who complained that it was 
arbitrary and would not be observed. 

It was not, however, entirely arbitrary. 
Important changes occur in the embryo 
at about 14 days from fertilization, after 
which cells are differentiated, no twin- 
ning can take place and the first signs of 
what will be the spinal cord appear. Such 
considerations weighed with us. The point 
was to have some legislative barrier, about 
which there could be no dispute. As such 
it has survived. 

The legislation that followed the com- 
mittee’s report included the 14-day rule, 
as well as the establishment of the Human 
Fertilisation and Embryology Authority 
(HFEA) that we recommended should 
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be in charge of licensing and monitoring 
research and clinical procedures. 

The moral decisions that such commit- 
tees have to make are essentially matters 
of public not private morality. We had 
to consider our own moral or religious 
scruples (which would obviously influ- 
ence our thinking), alongside what the 
consequences might be of the decisions 
for society as a whole. This was the reason 
why we could not allow ourselves 
to be swayed by arguments 
derived from a particular 
religious dogma. The moral 

standards of our society in 
Britain, however deeply 
influenced by the Judaeo- 
Christian and Muslim tra- 
ditions, are not intrinsically 
religious. As a committee we 
were given the task of setting 
such a standard. This must be 
done by weighing up possible 
goods against possible harms. 

These harms do not include 
only the offending of religious 

sensibilities of a particular group. 
The legislation would govern eve- 
ryone — believers and atheists — and had 
to take into account wider considerations, 
such as the relief of suffering. Nor was it to 
be other than permissive. No one would 
be compelled to seek a form of infertility 
treatment or engage in a form of research 
of which his religion taught him he should 
disapprove. Above all, the harm that the 
legislation should seek to minimize was 
the exploitation of the vulnerable and 
ignorant. This was the task of the HFEA. 

One may generalize from the case of IVF 
to other cases where it is feared that dedi- 
cated and ambitious scientists and doctors 
may pursue research that some members of 
society find repugnant. Examples include 
embryonic stem-cell research, therapeutic 
cloning and the construction of mixed-spe- 
cies embryos for research purposes. But it 
is essential that ignorance and prejudice 
should not be allowed to dictate the out- 
come. Everyone should be educated so as to 
have a broad understanding of science, and 
an appreciation of its potential for good. 
Without this, we cannot responsibly erect 
barriers to scientific advance. a 
Mary Warnock is a philosopher and an 
independent crossbench member of the 
House of Lords, London, SW1A OPW, UK. 


For more essays and information see http://nature.com/ 
nature/focus/scipol/index.html. 
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Express dispatches 


Andrew P. Ingersoll 


The Venus Express mission has returned its first findings on the harsh atmosphere of our sister planet. 
It's another step towards explaining how Venus turned out so differently from our balmy home. 


Venus is the planet closest to Earth not just 
in distance, but also in mass, radius, density 
and chemical composition (Fig. 1). Yet where 
Earth’s benign climate has fostered life, Venus 
is a hellish place — its surface hot and dry, 
its crushing atmosphere made up of carbon 
dioxide permeated by clouds of sulphuric acid. 
How did it all go wrong? 

The European Space Agency's Venus Express 
probe was launched in November 2005 to 
address some big issues associated with this 
question. Where is Venus’s water, and what is its 
history? What is the weather like on Venus, and 
is it different from that on Earth? What does 
the precise composition of Venus’s atmosphere 
tell us about its evolution? The first results from 
Venus Express are presented in eight papers 
elsewhere in this issue’. 

We start with water. The most abundant vol- 
atile compound on Earth (where the oceans are 
300 times more massive than the atmosphere), 
water is present only in tiny amounts on Venus, 
all of it in the atmosphere — about 200 parts 
per million, either as vapour or dissolved in 
its sulphuric-acid clouds. There are no oceans: 
Venus’s surface temperature of about 730 kel- 
vin (457 °C) means that water could not exist 
as a liquid there, even ifit were abundant. Two 
other signature substances, nitrogen and CO,, 
are present in about the same amount on both 
planets. The latter admittedly appears in dif- 
ferent places: on Venus, it makes up 96.5% of 
the massive atmosphere, where it creates a sur- 
face pressure some 92 times that of Earth’s; on 
Earth, it turns up in the extensive limestone 
deposits that precipitated from CO, dissolved 
in the water of the oceans. 

Because Venus is close to Earth in so many 
ways, it seems likely that the two planets started 
out similarly. Venus must once have had an 
ocean's worth of water, but lost it somehow. 
Water vapour is a heat-trapping greenhouse 
gas, whose atmospheric abundance is control- 
led by evaporation from the oceans. If Earth 
were to move closer to the Sun, the temperature 
of its oceans would rise and more water would 
evaporate, increasing the temperature still 
further. At a certain point it would become a 
runaway greenhouse, with the oceans boiled off 
and all the water residing in the atmosphere’. 


* Plasma analyser 

* Magnetometer 

* Spectroscopes (atmosphere and 
surface mapping and analysis) 

* Ultraviolet and optical cameras 

* Radio sounder 


Mean solar day 


117 days 


Figure 1| Voyage to Venus — the essential facts and figures of the European Space Agency's Venus 


Express mission. 


This could well have been what happened on 
Venus. The planet might have started out in its 
present orbit with a massive atmosphere made 
of water vapour, which sunlight then split into 
hydrogen and oxygen. Hydrogen, being lighter, 
escaped into space, whereas the heavier oxygen 
hung around and oxidized the crust to create 
the planet’s hot, dry surface. Conventional 
hydrogen is lost faster than its heavier isotope 
deuterium, and evidence for this huge loss of 
water comes from the high ratio of deuterium 
to hydrogen on Venus, which is 100-150 times 
the value on Earth. The first measurement of 
this ratio’ was based on droplets of sulphu- 
ric acid that clogged the inlet leak of the mass 
spectrometer aboard NASA’s Pioneer mis- 
sion to Venus, launched in 1978. Instruments 
on Venus Express have now confirmed and 
refined the high value’. 
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The escape mechanism operating today 
probably involves the solar wind — the stream 
of charged particles emanating from the Sun 
— which strips atoms and ions out of the 
atmosphere. But the details are contradictory. 
Venus has no appreciable internal magnetic 
field, so the solar wind is deflected by magnetic 
fields induced in the planet’s atmosphere. But 
whereas results from Venus Express’s magne- 
tometer indicate’ that the solar wind does not 
enter the atmosphere, and so cannot affect its 
evolution, the mission's plasma analyser shows? 
that positively charged hydrogen and oxygen 
ions are escaping in the planet’s wake at higher 
rates than are neutral atoms. The net result is 
that hydrogen and oxygen are being lost in the 
same 2:1 proportions as they are found in the 
water molecule’. The absolute rates still have 
to be worked out; as far as plotting Venus’s 
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history is concerned, the escape mech- 
anism could well have been different 
in the past, when water was much 
more abundant on the planet. 

The extreme weather found in 
Venus’s remaining CO,-dominated 60 
atmosphere offers us several con- 
trasts with Earth. The greater mass 
of Venus’s atmosphere should store 
heat and distribute it more effectively 
than occurs on Earth, and tempera- 


100 


Altitude (km) 
N 
° 


ture differences should therefore be -20 
much smaller. Results from the Pio- LAG 
neer probe" were consistent with this 

idea. Venus Express’s programme of -60 


radio occultations — in which the 
spacecraft passes a radio signal tan- 
gentially through the atmosphere to 
measure its temperature — set out to 
test it further. The surprising result* 
is that the day-night temperature 
difference is large — between 30 and 
40 K at the altitude range 55-60 km, 
within Venus’s clouds (Fig. 2). Heat 
stored from sunlight is not enough to 
raise the temperature by this amount 
during the day. Enormous downdrafts 
might heat the air by compression, but 
they would have to be swifter than any 
global-scale downdrafts on Earth. 
A further possibility is that clouds 
and gas in the atmosphere partially 
absorbed the radio signal, inducing an 
error in the derived temperatures’. 

The higher one goes in Venus’s 
atmosphere, the faster the winds blow, and the 
smaller the day-night temperature differences 
become. Wind speeds are measured relative to 
the solid planet, and Venus is a slow rotator: 
it spins once relative to the stars every 243 
Earth days, and, viewed from a point on the 
surface, the Sun rises, and sets, every 117 Earth 
days. (Venus’s solar day is considerably shorter 
because, uniquely in the Solar System, it spins 
slowly backwards relative to its orbital motion. 
How it got into this state and howit stays there 
are unanswered questions”, although tides 
raised by the Sun in the massive atmosphere 
probably have something to do with it.) 

At the tops of the clouds, an altitude of nearly 
70 km, the wind speeds approach 100 metres 
per second (360 km h”') — three times hur- 
ricane force and 2.5 times the speed of the jet 
streams that can help or hinder aeroplane pilots 
11 km up in Earth's atmosphere. Venus Express 
confirmed these high winds by tracking clouds, 
made visible by an unknown absorber of ultra- 
violet light, that varied dramatically from day 
to day’. 

One feature that Venus shares with Earth and 
many other planets is the presence of large areas 
of circulating air at its poles, known as polar 
vortices. Earth's polar vortices appear in the 
winter of each hemisphere above a core of cold 
polar air. The polar vortex identified on Venus, 
by contrast, has a cold collar*®, inside which 
there is a curious, dipole-shaped feature about 
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between the atmospheres of our 
own planet and Venus concerns 
lightning: there shouldn't be any 
on Venus, whose clouds are like 
terrestrial smog clouds, which 
do not produce lightning. And 
indeed, no clear-cut visible flashes 
were to be seen on either the day 
or the night side of the planet. Yet 
Venus Express detected whistlers® 
— low-frequency electromagnetic 
waves that last for a fraction of a 
second and are thought to origi- 
nate with an electrical discharge. 


300 400 500 
Temperature (K) 


Figure 2 | Ocean of air. Venus’s crushing atmosphere is composed of 
96.5% carbon dioxide and 3.5% nitrogen; Earth’s more clement envelope 
comprises roughly 79% nitrogen, 20% oxygen and 1% argon (dry air), with 
significant traces of other gases, chief among them carbon dioxide. (Moist 
air contains a few per cent of water vapour.) In this comparison of the two 
atmospheres’ vertical structures, the zero of altitude of the temperature 
profiles (solid lines: blue, Earth; green, Venus) is fixed where the pressure 
is equal to Earth’s sea-level pressure, 1 bar. Black dots on the temperature 
profiles indicate where the pressure has increased or decreased by a factor 
of 10; Venus’s lower atmosphere extends almost 50 km below the 1 bar 
level, such that at the surface the pressure is 92 bars. The temperature 
there averages 730 K, compared with Earth's average surface temperature 
of around 288 K (15 °C). Relative to the 1-bar level, clouds in both 
atmospheres — of water on Earth, of sulphuric acid on Venus — occupy 
roughly the same altitude range, and the lower atmosphere of Venus is 
relatively cloud-free. The tallest mountains rise 12 km above the average 
surface level on Venus and 9 km above sea level on Earth. 


10 K warmer than its surroundings. Again, 
solar heating alone cannot explain this warm 
dipole. The compressive effect of intense down- 
drafts is a possible cause: the dipole might be 
an extension of a ‘Hadley circulation, a system 
consisting of hot air rising at low latitudes and 
cold air sinking at the poles, with a return 
flow at deeper levels. On Venus, the equator is 
warmer than the poles at altitudes above 65 km 
(ref. 4). What keeps a Hadley circulation going 
under these circumstances is not so clear’. 

Because the solid planet spins so slowly, 
Venus’s atmosphere creates its own rotation. 
The direction of rotation is the same as that of 
the planet — backwards relative to the orbital 
motion. The influence of the Sun grows with 
increasing altitude, as the air becomes thinner, 
anda smaller amount of absorbed energy can 
produce a larger temperature change. The Sun 
takes over entirely at altitudes above 90 km, 
and the circulation shifts from rotation about 
the polar axis to flow from the day side to the 
night side. Evidence for this day-night circu- 
lation comes from compounds such as nitric 
oxide, carbon monoxide and oxygen, which 
are produced on the day side and transported 
to the night side, and from compounds such 
as hydrogen fluoride and hydrogen chloride, 
which are destroyed on the day side and trans- 
ported as chemical by-products to the night 
side’”. 

A final, intriguing point of comparison 
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Cells of convecting air were seen 
on the day side®, but the amount 
of cloud material in the cells is 
around 100 times less than that 
in a terrestrial thunderstorm. On 
Earth, that would not be enough 
material to charge the clouds. 

The evidence for electrical 
storms on Venus is thus contra- 
dictory. Their existence would 
be surprising, but perhaps we 
have simply not thought of all the 
ways that electricity can be gener- 
ated in a planetary atmosphere. If 
our intuition, based on terrestrial 
experience, is failing us, it wouldnt 
be for the first time. 

Venus Express has enough fuel to 
last until 2013. As the mission con- 
trollers learn what the spacecraft 
can do, the observation sequences 
will become more ambitious, and the amount 
we know about Venus will grow. From 2011, 
Venus Express will be accompanied by Japan's 
Planet-C spacecraft, also known as Venus 
Climate Orbiter. Other future Venus missions 
might use balloons to measure the winds and 
sample trace gases and their isotopes, or to grab 
rocks from the hot surface and take them up to 
cooler altitudes for analysis. If one day we can 
follow climate processes on Venus as we follow 
them on Earth, then we might begin to under- 
stand weather in general. a 
Andrew P. Ingersoll is in the Division of 
Geological and Planetary Sciences, California 
Institute of Technology, Pasadena, California 
91125, USA. 
e-mail: api@gps.caltech.edu 
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The unusual suspect 


Colin L. Stewart 


The p53 protein is widely studied for its function as a tumour suppressor, 
preventing cancer. It emerges that this protein also has an essential 
physiological role in regulating embryo implantation in mice. 


The p53 protein, which has been given the 
accolade ‘guardian of the genome, is a celeb- 
rity among cellular proteins. If you search the 
PubMed database for p53, you'll get more than 
44,000 hits, the vast majority of which discuss 
the role of this protein in protecting cells from 
the consequences of stress-induced DNA dam- 
age. Given the essential role of p53 in prevent- 
ing tumour formation, the finding that most 
p53-deficient mice develop normally, and only 
succumb to tumorigenesis later in life, was 
surprising’. But, on page 721 of this issue, Hu 
et al.” show that this familiar transcription 
factor has an unanticipated — albeit essential 
— role in regulating fertility in female mice. 

Implantation — during which the early 
embryo, or blastocyst, comes into physical 
contact with the mother’s uterus in a highly 
coordinated way — is an essential step in the 
reproduction of most mammals. It leads to the 
formation of the placenta, which supports the 
growth and development of the fetus until its 
birth. Before implantation, the uterus under- 
goes extensive rounds of cell proliferation 
and differentiation that make it receptive to a 
potential blastocyst. These events are prima- 
rily regulated by the direct effect of the ovarian 
steroid hormones oestrogen E2 and proges- 
terone P4 (ref. 3), and are further augmented 
by the induction by these hormones of many 
locally produced growth factors and immune- 
mediator proteins (cytokines)*. 

Among these is the cytokine LIF, which was 
first implicated in mammalian development 
because of its essential function in sustaining 
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mouse embryonic stem cells. LIF is one of many 
proteins that are produced and secreted by the 
endometrial glands of the uterus. In many dif- 
ferent mammalian species, LIF is most highly 
expressed at the onset of implantation’. In fact, 
implantation cannot occur unless epithelial 
cells lining the uterus are exposed to LIF (ref. 6) 
(Fig. 1). Moreover, LIF-deficient female mice, in 
which blastocysts develop normally, are infertile; 
but a single injection of LIF into these animals, 
on the day in which implantation would nor- 
mally occur (in mice, day 4 of pregnancy), is suf- 
ficient to initiate implantation and subsequent 
normal embryonic development to birth’. 

Hu et al.’ now show that p53 playsa signifi- 
cant part in regulating LIF expression in the 
uterus, and so in female fecundity. These authors 
were intrigued by the low fertility of p53-defi- 
cient female, but not male, mice. They noticed 
that, although in p53-deficient female mice 
only low numbers of embryos could implant, 
the number of healthy embryos produced was 
not affected. The authors find that p53 regulates 
the transcription of the mouse Lif gene, and 
that in p53-deficient female mice, expression 
levels of uterine LIF are reduced about fourfold. 
The clincher was that the injection of mated 
p53-deficient females with LIF significantly 
increased the number of implanted embryos 
that successfully developed to term. 

In the uterus, LIF is primarily regulated by 
E2. Because uterine levels of p53 seem to be 
constant during the pre-implantation period, 
and the levels of E2 in p53-deficient female 
mice are normal, the authors suggest that p53 
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Figure 1| Regulation of mouse-embryo implantation at a molecular level. a, At day 4 of pregnancy, 
oestrogen E2 induces LIF expression in the endometrial glands, leading to LIF secretion into the 
uterine lumen. There, LIF binds to its receptors on the surface of epithelial cells. b, This makes the 
uterus receptive to the blastocyst, which implants by day 5 of pregnancy. Hu et al.” find that LIF 
expression in the endometrial glands also depends on the regulatory activity of p53. In the absence 
of p53, insufficient LIF is produced, the uterus does not become adequately receptive, and fewer 


blastocysts implant. 
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probably forms a complex with the E2 recep- 
tor. They propose that this putative complex is 
necessary for maximal expression of LIF at day 
4 of pregnancy in mice. 

The function of p53 in regulating fertility 
is unexpected, as it is not clear why p53, which 
is usually activated by stress, should regulate 
Lif transcription in the uterus. At implanta- 
tion, the uterine vascular system undergoes 
extensive re-plumbing to support the consid- 
erable increase in both uterine-cell prolifera- 
tion (decidualization) and the growth of the 
embryo itself, and to prevent hypoxia (oxy- 
gen shortage). As hypoxia is one of the main 
stressors that regulate p53 activity’, it is possi- 
ble that with the evolution of the reproductive 
system of mammalian females, activation of 
p53 in response to hypoxia was hijacked to help 
coordinate implantation-associated changes in 
vascularization. 

What are the implications of Hu and col- 
leagues’ findings for human fecundity? Stud- 
ies on p53 and its regulators, such as Mdm2, 
have identified polymorphisms in amino-acid 
residue 72 of p53, as well as a single nucleotide 
polymorphism (SNP309) in the transcrip- 
tional regulatory region of Mdm2 (ref. 9). 
Both of these polymorphisms are thought 
to affect the transcriptional activity and the 
levels of p53 (ref. 10). So, in light of Hu and 
colleagues’ data, it is intriguing that the pres- 
ence of a particular polymorphism (proline 
substituting for arginine) at residue 72 of p53 
strongly correlates with women having recur- 
rent implantation failure’’. Genetic-variation- 
associated alterations in the levels of p53 may 
also influence the levels of this protein in the 
uterus, which may, in turn, affect LIF levels; 
reduced levels of LIF are also associated with a 
decrease in implantation rates in humans”. It 
would therefore be interesting to see whether 
the SNP309 polymorphism in Mdm2 is linked 
to cases of unexplained human infertility. 

Extensive efforts are under way to identify 
small-molecule regulators of p53, in order to 
suppress tumour growth. Such molecules might 
also be useful in enhancing implantation rates as 
part of fertility treatments, or even for inhibiting 
implantation asa means of contraception. 
Colin L. Stewart is at the Institute of Medical 
Biology, 8A Biomedical Grove, 06-06 Immunos, 
138648 Singapore. 
e-mail: colin.stewart@imb.a-star.edu.sg 
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Pore puzzle 


John D. Aitchison and Richard W. Wozniak 


Where would you start in trying to work out the structure of a macromolecular 
machine consisting of 456 proteins? Taking a combined experimental and 


computational approach is one answer. 


Consider a 1,000-piece jigsaw puzzle. There 
are millions of ways in which the pieces might 
fit together, yet there is only one solution. We 
solve the puzzle by considering each piece 
and ruling out those that don't fit physical 
restraints, such as colour patterns, the over- 
all shape of the picture and the potential for 
interlocking. This is the basic premise for the 
multidisciplinary approach taken by Alber 
et al.'* (pages 683 and 695 of this issue) to 
solve the structure of a large macromolecu- 
lar machine, the yeast nuclear pore complex. 
But, in their case, the pieces were proteins, 
the various restraints were of a biochemical 
and morphological nature, and computers 
explored the placement of each protein into a 
single ensemble solution. 

Nuclear pore complexes (NPCs) serve as 
regulated ports for transporting molecules 
into and out of the cell nucleus. Researchers 
have studied these complexes for decades. 
They have defined the overall morphology of 
the NPC, and have used various approaches to 
determine the inventory of its constituent pro- 
teins — the 30 different nucleoporins — and 
the abundance and rough localization of each 
nucleoporin. They have also begun to identify 
genetic and physical interactions between these 
proteins’. All NPCs — from those of yeast to 
human — have largely symmetrical, dough- 
nut-shaped structures that lie within a pore 
that is formed by a membrane connecting the 
inner and outer layers of the nuclear envelope. 
Each NPC consists of eight morphologically 
similar units called spokes, which are arranged 
around a central channel through which 
transport occurs**, 


The previous studies were essential for char- 
acterizing NPC functions and for identifying 
subcomplexes within them. But because of 
the size and complexity of this structure, these 
earlier studies did not reveal the detailed 
architecture of the entire assembly. To tackle 
the NPC puzzle, Alber et al.'” systematically 
generated comprehensive biochemical and 
morphological data of the sort collected in the 
past, and combined them with state-of-the-art 
computational integration strategies. 

Using the known size and symmetry of the 
NPC, the team established more than 10,000 
other restraints as input for their computa- 
tional analysis. These included the stoichio- 
metry (number) and localization of each NPC 
component, as well as interactions between dif- 
ferent components. Their goal was to generate 
sufficient data so that, like the jigsaw puzzle, 
there could be only one possible solution. 

But each data type had uncertainty asso- 
ciated with it. For example, because of the 
limitations of the imaging techniques, the 
localization of each nucleoporin could be nar- 
rowed down to only a relatively large volume 
within the NPC. Thus, each data type by itself 
was insufficient for determining the structure, 
because, by analogy, it was like a set of partly 
broken or faded puzzle pieces. The solution 
was data integration: even with uncertainty in 
every data type, the likelihood of satisfying all 
restraints with an incorrect structure becomes 
vanishingly small as more data are generated. 

Once the experimental data had been trans- 
lated into mathematical representations of 
restraints, the authors’ procedure involved 
taking a random configuration of beads 


Nuclear 
envelope 


One spoke of two 
homologous pillars 


Scaffolding 
nucleoporin 


Figure 1| Determining the structure of the nuclear pore complex. Alber et al.'” started with 

456 randomly distributed protein components of the complex (coloured beads), corresponding to 
several copies of each of the 30 different constituent nucleoporins. They moved the beads randomly, 
while computationally minimizing thousands of biochemical and morphological restraints. 

The final structure shows the distribution of proteins resulting from the best-scoring simulations. 
(Figure courtesy of E. Alber and A. Sali, University of California, San Francisco.) 
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50 YEARS AGO 

The proposals of the South 
African Government to enforce 
racial segregation at the 
university-level and to exercise 
rigid control over projected 
colleges for non-whites has 
caused concern and indignation 
in university circles throughout 
the Commonwealth and 
beyond. Some of this concern 
found expression in a well- 
attended meeting held at the 
Caxton Hall in London... The 
audience gave a polite but 
sceptical hearing to Prof. L. J.du 
Plessis, of the Potchefstroom 
University, who had come over 
from South Africa to present 
the case in favour of university 
apartheid ... Prof. du Plessis 
said :"If | were in England, | 
would be an integrationist 

too, because it is not a danger 
to English national character, 
and if | were in Americal would 
be an integrationist too; the 
negroes in America are in no 
danger of destroying that 

great nation of America in its 
identity. But the Bantus and 
Indians and Coloureds of 

South Africa, if they are 
integrated more fully than they 
are now, would undoubtedly 
destroy our great South African 
nation”. 

From Nature 30 November 1957. 


100 YEARS AGO 

Since writing the notice of 

Mr. le Souef's book on Australian 
wild life ... | have been making 
inquiries as to the existence in 
collections of any examples of 
platypus egg definitely known 

to have been taken from the nest 
after extrusion... In the central 
hall of the British Museum is 
shown an egg-shell of a platypus 
sent from Queensland by 

Mr. G. P. Hill in 1902, but this 

... was doubtless found in its 
present broken condition. Such 
broken shells might, apparently, 
be extruded from the uterus 
with the foetus; and, so far as 

| can find, there still appears 

to be no definite evidence 

that the eggs are really laid 
entire. 

From Nature 28 November 1907. 
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representing proteins in three-dimensional 
space. Then, again in a random process, the 
beads were iteratively moved to sample the 
potential space they could occupy, while 
simultaneously minimizing violations of 
restraints (Fig. 1). The configurations in each 
iteration were scored for their ability to satisfy 
the restraints. After thousands of trials, the 
best-scoring structures were superposed 
to produce a map of the localization of each 
component. As there was no gold-standard 
structure for validation, the final structure 
was assessed by criteria of self-consistency: 
all the restraints were satisfied; variability 
between possible solutions was small; similar 
structures were obtained when portions of the 
data were omitted; inclusion of incorrect data 
led to poorly resolved (frustrated) structures; 
and previously reported subcomplexes were 
rediscovered. 

In biology, the motivation for structure 
determination involves an element of faith: 
that, once solved, the structure will tell you 
something fundamental. And this is the case 
here. For many years, subcomplexes of the 
NPC consisting of handfuls of nucleoporins 
have been identified and characterized in 
isolation. Alber and colleagues’ determina- 
tion of the molecular architecture of the NPC 
places these components in the context of the 
whole complex and provides researchers with a 
frame of reference for future studies, including 
devising more tightly directed approaches for 
testing existing and new hypotheses generated 
from the study. For example, the authors find 
that half of the nucleoporins in the yeast NPC 
form an interconnected network or scaffold 
that coats the pore membrane (Fig. 1). These 
proteins are composed of two types of struc- 
tural domain with a similar configuration to 
that of the protein complexes that coat carrier 
vesicles involved in intracellular trafficking. 
This suggests that the two complexes — both 
of which are involved in the curvature of 
membranes — are evolutionarily related. 

The authors also show that the core scaffold 
is built of repetitive structural pillars. Each 
of the eight symmetrical spokes is composed 
of paired groups of duplicated or structur- 
ally related nucleoporins, forming pairs of 
homologous columns (Fig. 1). This modu- 
larity has implications for ways in which the 
NPC structure might vary within a cell, and 
provides insight into how the structure could 
have evolved. 

One class of nucleoporin is characterized 
by a repeated motif of phenylalanine-glycine 
(FG, in single-letter code) amino-acid residues, 
and is thought to control transport across the 
NPC. But how FG nucleoporins achieve this 
is a contentious issue®. As would be expected, 
Alber et al. find that these nucleoporins are 
exposed to the central pore, where they form a 
selective barrier to transport. But as the precise 
structure of this region of the NPC could not be 
resolved by this analysis, exactly how transport 
occurs remains unclear. 
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The combined experimental and compu- 
tational approach that Alber and colleagues’” 
took to determine a complex structure has 
yielded an excellent platform for further 
resolution of the NPC structure. Perhaps, 
more importantly, it serves as a paradigm for 
future data-integration strategies designed 
to understand the structure, dynamics and 
mechanistic properties of other large macro- 
molecular machines. o 
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MICROSCOPY 


Elementary resolution 


Christian Colliex 


The atoms and bonds that make up complex solids can be identified 
chemically — a feat made possible by cleverly combining spectroscopic and 
structural information conveyed by electrons scattered through a thin sample. 


Spying out the atomic organization of solid 
structures has long been a dream of materials 
scientists. They have built ever more refined 
microscopes to realize that dream, using 
probes of electrons, or of local currents or 
forces, to build up increasingly detailed pic- 
tures of solids. But identifying the chemical 
nature of atoms in position has been a prick- 
lier problem. 

Two techniques have reached a stage where 
this is becoming possible. First, there is the 
three-dimensional topographic atom probe, 
which uses mass spectroscopy to identify 
atoms that have been made to evaporate gradu- 
ally from the surface ofa specimen solid’. Sec- 
ond, there is electron energy-loss spectroscopy 
(EELS), which measures the energy of elec- 
trons transmitted through a thin specimen in 
a scanning transmission electron microscope 
(STEM) (Fig. 1). On page 702 of this issue’, 
Kimoto et al. report the use of EELS for ele- 
ment-selective imaging of columns of atoms 
ina crystal. This is a further stage in a healthily 
competitive race in which results are appearing 
at an accelerated pace. 

The starting signal for this race was fired 
almost 15 years ago. In a News & Views article 
published at the time’, L. M. Brown detailed 
the near-simultaneous publication of three 
papers*°, all of which described the measure- 
ment, with atomic-scale resolution, of composi- 
tional changes across an interface between two 
grains or components in a solid. In each case, 
a probing electron beam was directed down a 
column of atoms, and the resulting EELS spec- 
trum was used to ascertain the atomic species 
as well as their valence states and local coor- 
dination. The question of precedence among 
these three papers gained renewed piquancy 
last year with the appearance of a corrigen- 
dum’ to the first of the papers* in which the 
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Figure 1| EELS inaction. In electron energy- 

loss spectroscopy (EELS), spectra are recorded 
successively by an angstrém-size incident 
electron beam to build up an atomic-scale map of 
a thin crystalline foil. By comparing these signals 
with structural information from electrons 
scattered through large angles by interactions 
with the crystal atoms (the annular dark-field, or 
ADB signal), Kimoto and colleagues’ identified 
the chemical elements in a crystal structure. 


authors admitted errors in data processing. 
These errors did not, they said, modify their 
general claim of atomic resolution. 
Fortunately, advances in instrumentation 
and methods now allow the task to be tackled 
more reliably. First, the general improvement 
in all the electrical and mechanical components 
involved has reduced instability and perform- 
ance degradation. Second, the so-called spec- 
trum-image strategy increases confidence in 
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the positioning of the probing electron beam, 
and so in the correlation of spectral and struc- 
tural information. This technique involves 
acquiring successively, for all pixels of a two- 
dimensional grid, both the EELS spectrum and 
asecond signal. This latter ‘annular dark-field’ 
(ADF) signal is formed by electrons that are 
scattered through large angles by interactions 
with the crystal atoms, and it provides supple- 
mentary information on the precise structure 
of the crystal. 

Third and finally, improvements in focus- 
ing optics have compensated for aberrations in 
STEMs, allowing a reduction in probe diameter 
and so an increase in its spatial sensitivity’. This 
allows the crystal lattice to be directly imaged 
at an unprecedented sub-angstrém (10°-'’m) 
resolution in the ADF mode. Furthermore, by 
opening up the illumination angle for a given 
probe dimension, a significant increase in the 
probe current is achieved. 

Kimoto et al.” have taken advantage of most 
of these advances. Their STEM does not, how- 
ever, use an aberration corrector. The available 
electron intensity is therefore rather low, and 
the total acquisition time for an image consist- 
ing of more than 1,000 pixels — about an hour 
— isvery long. Recent results” confirm that the 
use of an aberration corrector produces maps 
with a greatly improved signal-to-noise ratio 
within a much-reduced total recording time. 

Kimoto and colleagues’ most important 
results are given in their Figure 2 (page 704), 
which shows images of their chosen crystal, the 
layered manganite La, ,Sr,sMn,O,. White dots 
of variable intensity in the plane of the ADF 
image correspond to columns formed of differ- 
ent atomic species running into the page, paral- 
lel to the probing electron beam (their Fig. 2a). 
This pattern serves as a guide for comparison 
with elemental EELS maps (Fig. 2d-f). These 
are formed from electrons that are scattered off 
the sample with energies corresponding to the 
binding energies of certain inner electron shells 
of oxygen, manganese and lanthanum (Fig. 2d- 
f). Most of the crystal’s obvious features — such 
as the Mn and La atomic columns — appear at 
positions that are in accordance with models 
of the manganite’s crystal structure. Oxygen 
atoms not obvious from the ADF image can 
also be identified. Finally, the comparison of 
maps for lanthanum at electron energy losses 
of 99 and 832 electronvolts, corresponding to 
the binding energies of that element’s N and M 
electron shells (Fig. 2c, f), clearly shows how 
the spatial width of the response diminishes as 
energy loss increases. 

More refined theories will be required to 
model such high-resolution chemical maps 
fully, as their interpretation is far from intui- 
tive. One must first take into account the effects 
of propagation of angstrém-size, high-energy 
electron probes along atomic columns, such as 
‘channelling’ and ‘dechannelling: Furthermore, 
non-local inelastic scattering processes can lead 
to spurious signals"’. The first experimental 
maps are now demonstrating the importance 


of refining descriptions of electron—matter 
interactions’, allowing guidelines to be devel- 
oped to optimize experimental conditions for 
direct interpretation. 

But what is all of this good for? Why is it 
so important to know the elemental distribu- 
tion of the atoms in a solid with such a degree 
of refinement? The choice of specimens by 
researchers including Kimoto et al.” provides 
a clue. Unusual electronic features, such as 
the presence of two-dimensional supercon- 
ducting layers’’, emerge across or near almost 
atomically flat interfaces within such com- 
plex oxides. Determining as best we can the 
nature of the atoms concerned and their bonds 
might help us to discern the patterns underly- 
ing such features. Preliminary results are still 
rather noisy, but the tremendous experimen- 
tal developments of STEM machines fully 
targeted to this task”"° will ensure that the 
ADF-EELS technique has a bright future in this 


fast-expanding field of materials science. ™ 
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NEUROSCIENCE 


Sensors and synchronicity 


Ruth Heidelberger 


Synaptic communication is triggered by action potentials, but neurons 
also talk to each other in between action potentials. Specific 
intracellular-calcium sensors regulate these conversations. 


Neurons communicate with each other through 
synaptic junctions. In the presynaptic neuron, 
voltage-gated calcium channels are activated 
in response to an action potential, allowing 
the entry of extracellular calcium. This trig- 
gers the fusion of neurotransmitter-laden 
synaptic vesicles with the plasma membrane 
and the release of neurotransmitter molecules. 
Released molecules bind to receptors on the 
postsynaptic neuron, initiating a postsynaptic 
response. The close proximity of release sites, 
calcium channels and synaptic vesicles, and 
the use of a calcium sensor for release with 
five low-affinity calcium-binding sites, lead 
to the generation of a burst of neurotransmit- 
ter release synchronous with the stimulus’. But 
neurons also secrete neurotransmitter through 
another, much less well-understood mecha- 
nism called asynchronous release. On page 676 
of this issue, Sun et al.” shed light on asynchro- 
nous release, showing that it is mediated by an 
unidentified calcium sensor with unexpected 
properties. 

Synchronous release predominates dur- 
ing low-frequency action-potential firing, 
whereas during high-frequency stimulation 
neurotransmitter release is also observed in 
the interval between action potentials, when 
calcium channels have closed and calcium 
entry into presynaptic neurons has ceased. It 
has been postulated that this asynchronous 
release is triggered by residual calcium and, 
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as such, must rely on a calcium sensor with 
high-affinity calcium-binding sites’. Testing 
this hypothesis proved problematic, not only 
because most synapses are small and inacces- 
sible, but also because it is inherently difficult 
to separate asynchronous from synchronous 
release. Consequently, the mechanisms that 
contribute to this form of synaptic communi- 
cation have remained enigmatic. 

Sun et al.” investigated asynchronous release 
in the calyx of Held, a large, accessible synapse 
in the mammalian auditory pathway. Previ- 
ously, synaptotagmin-2 — the calcium sen- 
sor for fast, synchronous release in the calyx 
synapse’ — has been genetically deleted in 
mice, allowing asynchronous release to be 
studied in isolation*’. Sun and colleagues 
capitalized on the ability to manipulate and 
measure presynaptic calcium in the genetically 
modified mouse calyx of Held. By triggering 
release via the homogeneous, global elevation 
of presynaptic calcium rather than by calcium- 
channel activation, potential differences in 
release rates caused by the different positions of 
vesicles with respect to calcium channels were 
eliminated®. This allowed Sun and colleagues 
an exclusive, direct look at the calcium sensor 
for asynchronous release. 

In agreement with previous work), 
the authors find that, in normal synapses, 
there is a steep relationship between the rate 
of neurotransmitter release and calcium 
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Figure 1 | lon movement in a complex metal oxide. Tsujimoto et al.' report the preparation of SrFeO, 
(Sr is strontium, Fe is iron), a complex metal oxide with an unusual arrangement of ions. a, The 
starting material (SrFeO;_,, where x is about 0.125) contains FeO, octahedra. On heating with calcium 
hydride, some of the oxygen ions (known as oxide ions) are lost, so that intermediate FeO, tetrahedra 
form. One of the remaining oxide ions then moves to a vacant site left behind by an ion (indicated 

by the arrow), forming an FeO, square. b, The crystal lattice of the starting material is an array of 
FeO, octahedra, in which each oxygen is shared between two iron atoms. Strontium ions (Sr”*) fit in 
between the rows of octahedra. In the first step of the reaction, loss of some of the oxide ions leads 

to an intermediate compound, Sr,Fe,O,, consisting of alternating rows of FeO, octahedra and FeO, 
tetrahedra. In the second step, more oxide ions are lost and some of the remaining oxide ions change 
position. The SrFeO, product thus forms as sheets of FeO, squares, interleaved with strontium ions. 
The iron and strontium ions retain their positions throughout the process. 


consider the differences between solid-state 
reactions and those that occur in solution. 
Reactions in solution can be performed at low 
temperatures, because molecular diffusion 
occurs easily and the reacting molecules don't 
require much energy to mix together. Under 
these conditions, if a molecule can take part 
in several reactions, only the one with the low- 
est energy barrier to activation tends to occur. 
The product of such a ‘kinetically controlled’ 
reaction is the one that forms fastest, and is 
not necessarily the one that is most stable. It is 
therefore possible to control reactions in solu- 
tion so that they occur only at specific parts ofa 
molecule. By performing stepwise transforma- 
tions on individual chemical groups, a product 
can be prepared that has a controlled compo- 
sition and structure that are clearly related to 
those of the starting compound. 

But nearly all complex metal oxides are 
prepared at high temperatures (typically 
greater than 1,000 °C). This is because no sol- 
vent is used to aid diffusion, yet the reacting 
ions must travel large distances (of the order 
of micrometres) to form the products. At 
these temperatures, enough energy is avail- 
able to allow the occurrence of reactions that 
have high energy barriers. Given a choice of 
reaction pathways, the most favourable one 
is that which yields the most thermodynami- 
cally stable configuration of atoms. In such 


thermodynamically controlled systems, the 
product generally does not conserve any of the 
structural features of the reactants (unlike reac- 
tions in solution), and it is therefore much more 
difficult to direct the course of the reaction’. 

Tsujimoto et al.’ overcome these limitations 
in their preparation of SrFeO,. Their starting 
material is a complex metal oxide that contains 
Fe" ions (SrFeO, ,, where xis about 0.125). The 
authors form their unusual product by remov- 
ing an oxide ion from the starting material, a 
process that is coupled to a redox reaction in 
which Fe* ions are converted into Fe~* ions. 

The overall process uses a recently dis- 
covered reagent (calcium hydride) for the 
kinetically controlled removal of oxygen from 
oxides’, and it occurs at the remarkably low 
temperature of 280 °C. These conditions pro- 
vide insufficient thermal energy to rearrange 
the structure of the starting material com- 
pletely — only the relatively mobile oxide ions 
can change position (Fig. 1). The strontium and 
iron ions in the product retain the positions 
they held in the starting material. The most 
thermodynamically stable products — iron 
metal and strontium(II) oxide — do not form, 
because the required long-range diffusion for 
the process is too slow at this temperature. The 
less stable SrFeO, forms instead, because this is 
a faster reaction. 

Nevertheless, the reaction pathway that 
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leads to SrFeO, (Fig. 1) is unexpected. An 
intermediate (Sr,Fe,O,) is formed first, as oxide 
ions are removed from the starting material. 
This intermediate consists of alternating sheets 
of FeO, tetrahedra and FeO, octahedra. Con- 
version of the tetrahedra into the square planes 
of the final product requires that the oxide sites 
vacated in the formation of the intermediate 
be refilled with other oxide ligands. This is a 
crucial observation, because it demonstrates 
that all the oxide ions are mobile, not just those 
being removed from the system. 

The discovery that oxide ions can be mobile 
at relatively low temperatures, albeit in the 
presence of a strong chemical driving force, 
opens up a host of synthetic possibilities — for 
example, the strong magnetic interactions seen 
in SrFeO, could be modified in a controlled 
way by making complex oxides of different 
transition metals. But the practical applications 
are just as exciting — high oxide-ion mobil- 
ity is required for several emerging technolo- 
gies, most notably solid-oxide fuel cells’. So 
although Tsujimoto and colleagues’ discovery’ 
may occur only at an atomic level, its ramifica- 
tions could extend far more widely. a 
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Corrections 


® The News & Views article “Venus: Express 
dispatches” by Andrew P. Ingersoll (Nature 
450, 617-618; 2007) contained the erroneous 
statement that Venus's equator is warmer than 
the poles at altitudes above 65 km. It is colder. 


® There was an incorrect reference citation in 
the article “Microscopy: Elementary resolution” 
by Christian Colliex (Nature 450, 622-623; 
2007). In the statement “The first experimental 
maps are now demonstrating the importance 

of refining descriptions of electron-matter 
interactions’,” the correct citation is not 
reference 2 but reference 12 (M. Bosman et al. 
Phys. Rev. Lett. 99,086102; 2007). 


® Inthe article “Astronomy: Sloan at five” by 
Robert C. Kennicutt Jr (Nature 450, 488-489; 
2007), we should clarify that the Sloan Digital 
Sky Survey was used only to select candidate 
stars for the spectroscopic observations that led 
to the discovery cited in reference 9 (W. R. Brown 
et al. Astrophys. J. 622, L33-L36; 2005). 
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Figure 1| Two modes of neurotransmitter 
release. a, Synchronous release is evoked 

when each of the five calcium-binding sites 
(green circles) on a fast calcium sensor, such as 
synaptotagmin-2, is occupied. This happens most 
readily when a synaptic vesicle is located in close 
proximity to an open calcium channel. b, Sun 

et al.’ find that asynchronous release is evoked 
when two binding sites on a slow calcium sensor 
are occupied (green circles), whereas those of the 
synchronous sensor are not (red circles). This is 
most likely to happen in response to a smaller or 
more sustained increase in calcium levels. The 
authors propose that occupancy states of the 

two calcium sensors govern whether release is 
synchronous or asynchronous. 


concentration at presynaptic calcium levels 
of above 1 micromolar. However, in synapses 
that lack synaptotagmin-2, the slope of this 
relationship is markedly reduced. Hints of a 
shallow relationship for asynchronous release 
are also apparent in normal synapses*”. Below 
about 1 micromolar, the curves from normal 
and synaptotagmin-2-deficient synapses are 
superimposable. 

These fascinating results lead to three impor- 
tant conclusions. First, the calcium sensor for 
asynchronous release is not only distinct from 
synaptotagmin-2, but, in the range of calcium 
concentrations studied, also requires fewer 
bound calcium ions to trigger release. Second, 
because release is slow and protracted despite 
rapid, homogeneous calcium increase, prop- 
erties intrinsic to this calcium sensor must 
contribute to asynchronous release. Third, even 
at normal synapses, release can occur through 
the asynchronous pathway at low calcium 
concentrations. 

Next, the authors used a computational 
approach to quantitatively analyse the cal- 
cium dependence of the rate of neurotrans- 
mitter release. The best fit to the experimental 
data came from a mathematical model that 
presupposed a single population of releasable 
synaptic vesicles containing one calcium sen- 
sor for synchronous release and another for 
asynchronous release (Fig. 1). This assumption 
is plausible because, according to earlier work®, 
the releasable pool of vesicles in the calyx of 
Held comprises both rapidly and slowly releas- 
ing vesicles, corresponding to synchronous and 


asynchronous modes of secretion. Moreover, 
Sun and colleagues themselves found that 
the entire pool of releasable vesicles could 
be released through the asynchronous path- 
way in the absence of synaptotagmin-2. The 
authors’ model also presupposes that release 
could occur spontaneously or be triggered by 
the binding of calcium ions to either the five 
low-affinity binding sites on the sensor for syn- 
chronous release’ or the two sites on the sensor 
for asynchronous release. 

The remarkable outcome is that asynchro- 
nous release can be triggered by the binding 
of just two calcium ions to a sensor — rather 
than the traditional five proposed for synchro- 
nous release — and that the calcium affinity 
of the sensor that mediates this release proc- 
ess is almost identical to that for synchronous 
release. These findings do not support earlier 
postulations that asynchronous release must be 
governed by a high-affinity sensor. Rather, it is 
the relative speeds with which calcium binds 
and unbinds the sensors that are important; 
the simulations suggest that these differ by at 
least one order of magnitude. 

So the properties of the faster, synchronous 
sensor, synaptotagmin-2, are better suited for 
triggering release in response to large, rapid 
increases in calcium concentrations that allow 
simultaneous occupancy of all five binding 
sites, whereas the slower, unknown asynchro- 
nous sensor described by Sun et al.’ is better 
suited for triggering release in response to 
slower, more sustained changes in calcium. 
These results also indicate that the magnitude 
and duration of the calcium signal determine 


which sensor drives release, adding a new 
dimension to the multiple functions of pre- 
synaptic calcium. 

In light of the exciting and unexpected find- 
ings of Sun et al. several questions must be 
addressed. These include identifying the mys- 
terious calcium sensor that mediates asynchro- 
nous release; determining whether this sensor 
has additional calcium-binding sites, even if not 
all need to be calcium-bound to trigger fusion’; 
gaining a better understanding of presynaptic 
calcium dynamics, particularly in the vicinity 
of the releasable pool of vesicles; and identifying 
mechanisms that regulate the recruitment and/ 
or coupling of releasable vesicles to presynaptic 
calcium channels. Such knowledge is vital for 
a full understanding of the factors that deter- 
mine the tenor of neurotransmitter release and 
synaptic signalling®””. a 
Ruth Heidelberger is in the Department of 
Neurobiology and Anatomy, University of Texas 
Medical School at Houston, 6431 Fannin Street, 
Houston, Texas 77025, USA. 
e-mail: ruth.heidelberger@uth.tmc.edu 
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MOLECULAR MOTORS 


A step dissected 


Zeynep Okten and Manfred Schliwa 


The motor protein kinesin ‘walks’ by alternately advancing its two motor 
structural domains. A cutting-edge, single-molecule fluorescence 
technique reveals further details of this stepping mechanism. 


Suppose that walking required energy input 
in the form of, say, one Gummi bear for every 
step. In what position would you pop the next 
Gummi bear into your mouth? When one foot 
is firmly planted on the ground while the other 
is lifted up and poised next to it to be thrust 
forward, or when both feet are on the ground 
spaced apart at step size? Mori et al.' (page 750 
of this issue) have addressed these questions, 
not in a person, but in a miniature, biologi- 
cal walking machine — the molecular motor 
protein kinesin. 

The human genome encodes up to 45 
kinesins’, each of which has specialized cellu- 
lar functions. Common to all kinesins are an 
evolutionarily conserved structural domain 
called the head, which acts as a motor, and a 
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variable tail region. One class of kinesin motor, 
kinesin-1, consists of two identical polypeptide 
chains linked by a neck region to form a dimer. 
Kinesin-1 molecules can move great distances 
on cellular tracks called microtubules (hollow, 
cylindrical polymers of the protein tubulin), 
which form an organized web of roadways in 
the cell. The head region has one binding site 
for the track and another for kinesin’s equiva- 
lent of a Gummi bear — an ATP molecule. 
Previous work has revealed amazing details 
about the walking mechanism of kinesin-1 
and other motor proteins. Processive (long- 
distance) movement of kinesin requires the 
hydrolysis of one ATP molecule per step*. The 
step size is 8 nanometres, which corresponds to 
the spacing of tubulin subunits’. Intriguingly, 
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Figure 1 | Positioning of fluorescent sensors on a walking kinesin molecule. If dimeric kinesin-1 is 
likened to the feet of a walking person, the probes used by Mori et al.' (green and red balls) for analysis 
by fluorescence resonance energy transfer (FRET) would be positioned at the toes, heel and near the 
ankle. Intensity of FRET interaction is indicated by blue waves. The toe-heel pair of sensors yields 

(a) high or (b) negligible signals depending on which head leads. The ankle-ankle pair yields (c) 

low signals when both feet are attached and (d) a stronger signal when one foot is lifted and poised 
next to the other. The authors used these position-dependent variations in fluorescence to study the 


movement of kinesin-1 along microtubules. 


kinesin stepping resembles human walking: 
one head remains firmly bound to the track 
while the other head moves forward; the two 
heads alternate in taking steps (the asymmet- 
ric hand-over-hand stepping model*). During 
‘walking; the hydrolysis cycles of the ATP mol- 
ecules on the two heads are kept out of phase’. 
Otherwise, if both heads transit to a detached 
state synchronously, the motor would lose 
contact with the microtubule. 

Several studies’ *° also used sophisticated 
molecular and technical wizardry to answer 
another question — how the heads of the 
kinesin-1 dimer are coordinated during 
processive movement. That is, does the free 
head pass the microtubule-bound head in 
one smooth sweep, or is there a characteristic 
position in which kinesin-1 waits for the next 
supply of energy? But addressing this question 
is difficult. Whereas watching a person take a 
step is easy when you stand nearby, trying to 
‘see’ kinesin move is equivalent to watching 
a person walk when standing a distance of a 
kilometre or so away from them. 

So how can the gait of a distant walker be 
figured out? One way would be to attach differ- 
ently coloured floodlights to the two feet and 
observe stepping in the dark. From the way the 
lights add up, mix or become superimposed, 
one could then draw conclusions about the 
persons stride. 

Ina sense, this is the principle Mori et al.’ 
applied to watch kinesin-1 walk. The first trick 
they used was to attach molecular floodlights 
to the two heads of a dimeric kinesin-1. This 
was done by introducing in desired positions 
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cysteine amino acids to which fluorescent 
molecules could be attached. If we compare 
kinesin-1 heads to human feet, informative 
positions for the floodlights are the toes, heel 
and ankle. The authors’ second trick was to use 
floodlights of different colours, which could 
then interact — the third trick — ina process 
called fluorescence resonance energy transfer 
(FRET) (Fig. 1). 

The FRET technique is based on energy 
transfer from a short-wavelength donor 
fluorescent molecule to a longer-wavelength 
acceptor fluorescent molecule when the two 
molecules are close together (1-10 nm). This 
interaction is then detected by monitor- 
ing the quenching of the donor molecules’ 
fluorescence or a rise in the fluorescence of the 
acceptor molecule. 

Mori et al. applied this technique to kinesin-1 
in which the fluorescent molecules were 
attached to the ‘toe’ of the rear head region and 
the ‘heel of the front head; the signal generated 
from energy transfer between these two mol- 
ecules would be different if the positions of the 
two heads were reversed. In the first case (Fig. 
la), the FRET signal would be high because 
the distance between the fluorescent molecules 
is only 3 nm; but in the second case, the sig- 
nal would be negligible because the distance 
between the donor and acceptor molecules is 
13 nm (Fig. 1b). Similarly, when the two fluo- 
rescent molecules are attached at positions 
analogous to the ankle — that is, at neck link- 
ers, one of which emanates from the middle 
of each of the two kinesin-1 heads — FRET 
efficiency would be low when the two heads are 
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bound to microtubules (8 nm apart) (Fig. 1c), 
but higher when one head is detached, hover- 
ing near the bound head (Fig. 1d). 

By designing experiments with the two fluo- 
rescent molecules at different positions on a 
kinesin-1 dimer, the authors find that when a 
step is taken in the presence of low levels of 
ATP, the motor spends most of its time in a 
one-head-bound state, while the free head lin- 
gers next to the bound head. In this case, the 
free head transits through a short-lived state, 
when both heads are attached to the next wait- 
ing position. But at high ATP levels, an aver- 
age FRET signal is observed, suggesting that 
kinesin-1 spends most of its time with both 
heads bound to the microtubule. These results 
suggest that, at low ATP levels, the rate-limit- 
ing factor for kinesin-1 to take a step is exit 
from the one-head-bound state. Are these 
results indicative of two fundamentally dif- 
ferent stepping modes of kinesin? Probably 
not. The basic stepping mechanism is still the 
same; only some phases may be longer lived 
than others. 

A more precise analysis of the transitions at 
high ATP levels was impossible because cur- 
rent instrumentation lacks the necessary tem- 
poral resolution. This is not surprising. Mori 
and colleagues’ experiments' might seem easy 
on paper, but in practice they are very tricky. 
The outcome depends not only on the posi- 
tions of the fluorescent molecules, but also on 
their relative orientation and the mobility of 
the head regions. Making these observations 
at a single-molecule level adds to the techni- 
cal challenge, and invokes extra caution when 
interpreting the results. Considering these dif- 
ficulties, the authors have managed to extract 
remarkably clear information on the position- 
ing of the two kinesin-1 heads under well- 
defined experimental conditions. And the use 
of several engineered kinesins helped them to 
exclude potential sources of uncertainty. 

So despite the big step taken by Mori et al.', 
the kinesin walk has not yet given up all of its 
secrets, as possible transitions and intermediate 
positions in the fast-stepping mode still remain 
to be elucidated. Who would have thought that 
taking a step could be so complex and its study 
so exciting? a 
Zeynep Okten and Manfred Schliwa are at the 
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Leslie Orgel (1927-2007) 


Chemist, molecular biologist and pioneer in the study of the origins of life. 


Leslie Orgel was a brilliant man who excelled 
in two very different scientific areas. So 
disparate were these fields that most would 
think his accomplishments were those of 
two different individuals. Chemists know 

of his classic work on devising ‘ligand-field 
theory; which provides an understanding 

of the structural and physical properties of 
transition-metal complexes. ‘Orgel diagrams’ 
have become a standard way to depict the 
various energy states of these complexes, 

and Orgel was recognized for his 
achievements in this area by his election as a 
fellow of the Royal Society at the unusually 
young age of 35. But a broader group of 
people know that Orgel set the agenda for 
the experimental study of the origins of life. 
He pursued that agenda with vigour and 
intellectual clarity right up until his death 

on 27 October. 

Born in London, Orgel began his career as 
a chemist at the University of Oxford. But it 
wasnt long before his second love for biology 
became apparent. Orgel was one of the small 
circle of scientists who were present at the 
birth of molecular biology. Between 1954 and 
1955 he worked at the California Institute of 
Technology with Linus Pauling, purportedly 
engaged in theoretical chemistry. But Orgel 
spent most of his time that year talking with 
the founding fathers of molecular biology — 
such as Alex Rich and James Watson — and 
learning from the likes of George Beadle and 
Max Delbriick, who later won Nobel prizes 
for their work on genetics. 

From 1955 to 1963, Orgel was a faculty 
member in theoretical chemistry at the 
University of Cambridge, where he wrote his 
seminal book on ligand-field theory. It was 
here that his enthusiasm for biology grew 
through extensive conversations with Sydney 
Brenner and Francis Crick. 

Orgel was a member of the RNA Tie Club, 
an informal association of academics who 
aimed to solve the DNA coding problem 
— the relationship between the sequence of 
a gene and that of its corresponding protein. 
Each member was assigned a different amino 
acid (Orgel was threonine) or nucleotide 
base, and given a woollen tie decorated 
with a stylized double helix. Club members 
exchanged ideas freely, and played a large 
part in getting Orgel hooked on molecular 
biology. By 1964, when he moved to the Salk 
Institute in La Jolla, California, his second 
scientific career had begun. 

The seeds of Orgel’s arguably greatest 
contributions to science were planted in 
1953, when Stanley Miller performed an 
influential experiment in what would become 


the field of prebiotic chemistry. Miller 
demonstrated the abiotic synthesis of amino 
acids in a mixture of gases that was thought 
to simulate the atmosphere of the prebiotic 
Earth. This experiment was highly significant 
to Orgel, and when he went to La Jolla he 
sought to address the problems of life’s 
origins by integrating prebiotic chemistry 
and molecular biology. Accordingly, his focus 
was not on the machinery of contemporary 
metabolism (amino acids that form proteins), 
but on the machinery of a primitive genetic 
system (nucleotides that form RNA). 

Orgel addressed many aspects of the 
origins of life on Earth, including the 
prebiotic synthesis of the building-blocks 
of nucleic acids, the joining together of 
nucleotides to form polynucleotides, and the 
non-enzymatic copying of RNA. He was the 
first to demonstrate that information can be 
transferred from a preformed RNA template 
to a newly synthesized RNA molecule in 
a purely chemical system. The concept of 
information transfer was critical for Orgel 
because his ultimate goal was to demonstrate 
a chemical system that is capable of 
undergoing darwinian evolution. “After that,” 
he would say, “the rest is just history.’ The 
origin of life, in his view, is defined as the 
origin of evolutionary history. 

In the late 1960s, Orgel — along with 
Crick and the microbiologist Carl Woese 
— proposed that early life on Earth was 
based on RNA genes and RNA enzymes, 
rather than DNA genes and protein enzymes 
as it is today. Fifteen years later, following the 
Nobel-prizewinning discovery by Thomas 
Cech and Sidney Altman of RNA enzymes 
in contemporary biology, Orgel’s proposal 
came to be known as the ‘RNA world’ 
hypothesis. 

I was a graduate student in the Orgel 
laboratory when word came that Cech had 
discovered self-splicing RNA enzymes. 

No work was done at the bench that day; 
everyone was at the blackboard, as Orgel led a 
rapid-fire discussion of how an RNA enzyme 
might bring about the replication of RNA, 
and of how such an enzyme might arise. 

At afternoon tea — a tradition in the Orgel 
laboratory — Crick joined the conversation 
and the pace quickened. There was no 
crowing from Orgel that he had predicted 
catalytic RNA, and no complaining that he 
had overlooked the possibility that RNA 
enzymes might still exist today — only the 
joy of fresh scientific ideas triggered by new 
experimental facts. 

Although Orgel was a theoretician, he 
always demanded that theory be subject to 
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rigorous experimental validation. This, he 
felt, was especially true in the field of the 
origins of life, where “theories are a dime a 
dozen and facts are in short supply”. He took 
great pleasure ina positive result, to the point 
of rooting for the pen on a graph-plotter 
during chromatography experiments. But 

he also delighted in negative results, because 
they pushed him to devise new hypotheses. 
This, of course, is the way scientists are 
supposed to behave, but Orgel was one of the 
few who actually did so. 

Following the discovery of catalytic RNA, 
Orgel continued to pursue the RNA-world 
hypothesis as both a strong proponent anda 
tough critic. He pointed out that the notion 
of an RNA world hardly solves the problem 
of the origins of life, and suggested that RNA 
was preceded by some other genetic material, 
just as DNA and protein were preceded 
by RNA. Many of his later publications 
concerned experimental studies of possible 
pre-RNA-world molecules. His theories 
brought him into conflict with creationists, 
who sometimes quoted Orgel out of context, 
pointing to his admitted uncertainty about 
life's origins as if this were a failing of the 
scientific approach. It was, of course, typical 
of Orgel and of the best practice of science. 
He had no time for proponents of ‘intelligent 
design, and avoided those prone to magical 
thinking. 

When engaged in scientific discourse, 
Orgel was intellectually demanding, but 
never unkind. As his student — and over the 
decades since then — if I were to advance a 
dunderheaded hypothesis, he would frown 
slightly and begin his corrective response 
with the words: “With respect...”. Like all 
those who knew him, I had the deepest 
respect for Leslie as a scientist, colleague and 
dear friend. 

Gerald F. Joyce 
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Venus as a more Earth-like planet 


Hakan Svedhem’, Dmitry V. Titov’, Fredric W. Taylor* & Olivier Witasse’ 


Venus is Earth's near twin in mass and radius, and our nearest planetary neighbour, yet conditions there are very different in 
many respects. Its atmosphere, mostly composed of carbon dioxide, has a surface temperature and pressure far higher than 
those of Earth. Only traces of water are found, although it is likely that there was much more present in the past, possibly 
forming Earth-like oceans. Here we discuss how the first year of observations by Venus Express brings into focus the 
evolutionary paths by which the climates of two similar planets diverged from common beginnings to such extremes. These 
include a CO>-driven greenhouse effect, erosion of the atmosphere by solar particles and radiation, surface-atmosphere 
interactions, and atmospheric circulation regimes defined by differing planetary rotation rates. 


enus, Earth and Mars—the three terrestrial planets with 

atmospheres, grouped close together in the inner solar 

system—have many features in common. Earth and 

Venus, in particular, are nearly the same size and seem 
to have been quite similar in the epoch when they formed and cooled, 
probably with large inventories of CO, in Earth’s atmosphere and 
liquid water oceans on the surfaces of Venus (and Mars). Today they 
have very different conditions on their surface as a result of evolu- 
tionary processes that we try to understand by measuring and 
modelling the common processes, aided by data from space missions 
designed to probe the planets and their environments. Earth and 
Venus have roughly the same amount of CO,; on Earth it is bound 
in carbonates in the crust, whereas on Venus it exists mostly as gas. 
The extreme climate at the surface of Venus, driven by this excess of 
CO, in the atmosphere, reminds us of pressing problems caused by 
similar physics on Earth. 

More than 30 spacecraft have made the trip to Venus since the 
Americans sent Mariner 2 in 1962—the first successful man-made mis- 
sion to another planet. The Soviet Venera and Vega and the American 
Pioneer Venus missions in 1967-92 were particularly influential in 
establishing a basic description of the physical and chemical conditions 
prevailing in the atmosphere. They showed the venusian atmosphere to 
be filled with corrosive gases and thick clouds, extraordinarily active, 
with high winds and complex cloud formations sculpted by meteoro- 
logical systems that seemed to defy categorization by terrestrial analogy, 
and a vast double-eyed vortex over each pole. Now the European Space 
Agency has sent its first mission to our nearest planetary neighbour, to 
investigate how the global atmospheric circulation, the cloud chemistry, 
surface—atmosphere physical and chemical interactions including vol- 
canism, atmospheric escape processes and the global energy balance and 
the ‘greenhouse’ effect at the surface all act together to produce a climate 
apparently defiantly different from Earth’s’. 


Venus Express 

The Venus Express design is based on the successful Mars Express 
spacecraft—a 600-kg, three-axis-stabilized platform with a body- 
fixed communications antenna’. It was launched by the Russian 
Soyuz-Fregat launcher from Baikonur, Kazakhstan, on 9 November 
2005 and is the first mission dedicated to atmospheric and plasma 
investigations of Venus since NASA launched its Pioneer Venus 
orbiter and probes more than a quarter of a century ago. It arrived 
at Venus on 11 April 2006 and became fully operational in June of 


that year, deploying a new generation of instrumentation’ and using 
new modes of observation’. The core of the payload is composed of 
optical instruments including spectrometers and spectro-imagers 
(Fig. 1 and Table 1), which make the first systematic use of the 
spectral windows between 1 and 3 pm for three-dimensional imaging 
of the atmosphere all the way down to the surface*. Solar, stellar and 
Earth radio occultation is used for vertical profiling of atmospheric 
properties. The highly elliptical polar orbit combines global nadir 
observations of extended duration of the southern hemisphere with 
close-up snapshots of the equatorial and northern latitudes’. 


Middle and lower atmosphere 


These first observations covering a range of depths in Venus’s 
atmosphere at high spatial resolution have revealed, in addition to 


Figure 1| The Venus Express spacecraft. The inset shows the positions of the 
seven scientific instruments in a semi-transparent view. The optical 
instruments for remote sensing are mounted below the upper platform; all 
apertures are aligned with the +z axis (pointing towards the top of the image). 
The magnetometer (MAG) on its 1-m-long boom can be seen on the upper 
platform, while the two ASPERA sensors are mounted on the bottom platform 
(only one can be seen in this view). PFS, Planetary Fourier Spectrometer; 
VeRa, Venus Radio Science Experiment; VMC, Venus Monitoring Camera. 


TESA/ESTEC, PB 299, 2200AG Noordwijk, The Netherlands. 7Max Planck Institute for Solar System Research, Max-Planck-Strasse 2, 37191 Katlenburg-Lindau, Germany. *Space 
Research Institute (IKI), Profsojuznaja ul. 84/32, 117997 Moscow, Russia. Department of Atmospheric, Oceanic and Planetary Physics, University of Oxford, Oxford OX1 3PU, UK. 
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Name (acronym) Description 


ASPERA-4 Detection and characterization of neutral and charged particles 

MAG Dual sensor fluxgate magnetometer, one sensor on a 1-m-long boom 

PFS Planetary Fourier Spectrometer (currently not operating) 

SPICAV/SOIR Ultraviolet and infrared spectrometer for stellar and solar occultation 
measurements and nadir observations 


Measured parameters 


Electrons 1 eV-20 keV; ions 0.01-36 keV/q; neutral particles 0.1-60 keV 
B field 8 pT-262 nT at 128 Hz 

Wavelength 0.9-45 tm; spectral resolving power about 1,200 
Wavelengths 110-320 nm, 0.7-1.65 um and 2.2-4.4 tm; spectral 
resolving power up to 20,000 


VeRa Radio Science investigation for radio-occultation and bi-static radar measurements X- and S-band Doppler shift, polarization and amplitude variations 
VIRTIS Ultraviolet-visible-infrared imaging spectrometer and high-resolution infrared Wavelength 0.25-5 tm for the imaging spectrometer and 2-5 um for 
spectrometer the high-resolution channel; resolving power about 2,000 


VMC Venus Monitoring Camera for wide-field imaging 


Four parallel channels at 365, 513, 965 and 1010 nm 


These instruments are expected to produce more than 2 terabits of data during the design lifetime of four Venus sidereal days (about 1,000 Earth days). Venus Express is operating in an elliptical 
polar orbit with a period of 24 h and an apocentre altitude of 66,000 km. The pericentre altitude is maintained between 250 and 400 km approximately over the north pole. q is elementary charge. 


localized ‘weather’ phenomena, the overall organization of the atmo- 
spheric circulation. Three broad regimes are clearly present in the 
middle and lower atmosphere, with convective and wave-dominated 
meteorology in the lower latitudes and an abrupt transition to 
smoother, banded flow at middle to high latitudes®. The latter ter- 
minates at about 30° from the pole, where the cold polar collar dis- 
covered by earlier missions lies. This encloses a vast vortex-type 
structure several thousand kilometres across with a complex double 
‘eye’ that rotates every 2.5—2.8 Earth days. Simultaneous observations 
in the ultraviolet and thermal infrared spectral ranges show corre- 
lated patterns, indicating that the contrasts at both wavelengths, 
although representing different atmospheric levels, are driven by 
the same circumpolar dynamical regime”®. Spectroscopic observa- 
tions indicate marked changes in the temperature and cloud struc- 
ture in the vortex, with the cloud top in the polar collar located at an 
altitude of 70-72 km, about 5 km or one scale height higher than in 
the eye. Night-side observations in the transparent spectral windows 
showed that the vortex structure and circulation exist at as least as 
great a depth as the lower cloud deck at 50-55 km, although its 
‘dipole’ appearance seems to be confined to the cloud-top region’. 
The edge of the polar collar at 50—60° latitude apparently marks the 
poleward limit of the Hadley circulation, the planet-wide overturn- 
ing of the atmosphere in response to the concentration of solar heat- 
ing in the equatorial zones (Fig. 2a). Indirect evidence of such 
meridional circulation is provided by monitoring of the latitude 
distribution of minor constituents, especially carbon monoxide, as 
dynamical tracers in the lower atmosphere. 

The mesopause on Venus at 100-120 km altitude marks another 
transition between different global circulation regimes, this time in 
the vertical. The predominance of zonal super-rotation in the lower 
atmosphere below the mesopause is replaced by solar to antisolar 
flow in the thermosphere above, as revealed by non-LTE (non-local 
thermodynamic equilibrium) emission in the spectral band of O, at 
1.27 um that originates from the recombination of oxygen atoms in 
descending flow on the night side (Fig. 2b). The observed emission 
patterns are highly variable, with the maximum at about the anti- 
solar point and the peak altitude at about the mesopause’. A meso- 
spheric temperature maximum is observed on the night side’, 
produced by adiabatic heating in the subsiding branch of the thermo- 
spheric solar to anti-solar circulation. 

Sequences of ultraviolet and infrared images have been used to 
measure the wind speeds at different altitudes by tracking the 
motions of contrast features in the clouds. Zonal winds at the cloud 
tops (~70 km) derived from the ultraviolet imaging are in the range 
100 + 10ms° ' at latitudes below 50° (ref. 5), in good agreement with 
the earlier observations”'°. The new data, which penetrate the bright 
upper haze obscuring the main cloud at middle latitudes, find that 
the cloud-top winds quickly decline poleward of 50°. The infrared 
observations® sound the dynamics in the main cloud deck at ~50 km 
altitude on the night side, finding strong vertical wind shear of about 
3ms 'km !below50°, and no shear poleward of this latitude, when 
compared with the higher-altitude ultraviolet-derived winds. The 
wind velocity profiles on Venus are found to be roughly, although 
not exactly, in agreement with those predicted by the cyclostrophic 
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Figure 2 | Schematic view of the general circulation of Venus’s atmosphere. 
a, The main feature is a convectively driven Hadley cell, which extends from the 
equatorial region up to about 60° of latitude in each hemisphere. The trend is 
polewards at all levels that can be observed by tracking the winds (at about 
50-65 km altitude above the surface), so the return branch of the cell must be in 
the atmosphere below the clouds. A cold ‘polar collar’ is found around each pole 
at about 70° latitude; the Hadley circulation evidently feeds a mid-latitude jet at 
its poleward extreme, inside which there is a circumpolar belt characterized by 
remarkably low temperatures and dense, high clouds. Inside the collar a 
thinning of the upper cloud layer forms a complex and highly variable feature, 
called the ‘polar dipole’ in earlier literature describing poorly resolved 
observations, which appears bright in the thermal infrared®. Because in general 
terms thinner-than-average or lower-than-average cloud is often associated 
with a descending air mass, and vice versa, the vortex may represent a second, 
high-latitude circulation cell, resembling winter hemisphere behaviour on 
Earth. b, Above about 100 km altitude the circulation regime on Venus changes 
completely to a sub-solar to anti-solar pattern. Oxygen airglow emission at 
1.27 tum reveals the recombination of oxygen atoms into molecular oxygen 
while descending to lower altitudes in the anti-solar region. Additional evidence 
of this circulation is given by the upper-atmosphere temperature profiles, which 
show a pronounced temperature maximum on the night side that is due to 
compressional heating in the downward branch of the circulation cell*. 
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Figure 3 | Atmospheric composition from the Venus Express observations. 
The colours mark different trace gases. The vertical profiles of HO, HDO, 
CO, HCl and HF above the clouds have been derived from SPICAV/SOIR 

solar occultation measurements’; the abundances of H,O, CO, SO, and COS 
below the clouds are derived from VIRTIS spectra. The error bars in mixing 


approximation’, which postulates a balance of pressure gradient 
and centrifugal force in a purely zonal flow. This is, as expected, in 
contrast with Earth, where so-called geostrophic balance generally 
applies, dominated by the Coriolis forces produced by the relatively 
rapid rotation of Earth. 

Figure 3 summarizes the results so far of composition measure- 
ments by Venus Express’. In the deep atmosphere, the most remark- 
able result is the distribution of CO, which shows a larger systematic 
latitudinal variability than the other minor species observed, includ- 
ing water vapour. With a large source high in the atmosphere from 
the photolysis of CO, and sinks in the clouds and near the surface, 
and a lifetime measured in weeks, CO turns out to be an excellent 
tracer of the general circulation. VIRTIS (Visible and Infrared 
Thermal Imaging Spectrometer) global maps show a well-defined 
maximum in the abundance of CO at a latitude of about 60°, near 
the outer edge of the cold collar, which probably marks the poleward 
extent of the Hadley cell (Fig. 2a). The other species seem to be much 
more uniformly distributed over the globe in the deep atmosphere 
but may be variable at the =10% level. The clouds show tremendous 
variability, with a variety of meteorological systems in several differ- 
ent layers, and distinct regions in which different mean particle sizes 
predominate. There are, for instance, distinctly larger particle sizes in 
the clouds in the polar region, although no definite departure from 
the composition of sulphuric acid and water has been detected. 


Upper atmosphere and plasma environment 


The absence of an internal magnetic field for Venus means that the 
solar wind interacts directly with the upper atmosphere, leading to a 
different distribution of the energies and densities of electrons, ions 
and energetic neutral atoms from that around Earth’’* (Fig. 4). 
Venus Express measurements are taken at solar minimum, thus com- 
plementing the Pioneer Venus plasma studies that were acquired 
during solar maximum. Photoelectrons with a typical energy of 
22-28 eV are measured in situ when the satellite dips into the iono- 
sphere while passing the pericentre at 250-350 km. Below this alti- 
tude the vertical distribution of electron density is sounded by radio 
occultation”, suggesting a stable bottom of the ionosphere at 120 km. 
The electron density peaks at about 4 X 10°cm ° at about 140km 
altitude, and a very dynamic topside ionosphere is observed. 


ratios indicate the minimum and maximum detections over all latitudes, and 
the error bars in altitudes for the lower atmosphere indicate the width of the 
weighting functions used for deriving the altitude. The bars with arrows in 
the lower atmosphere show the expected sensitivity of the Venus Express 
measurements for which data analysis is still in progress. 


Simultaneous measurements of the vertical profiles of hydrogen- 
bearing species in the upper atmosphere and plasma in situ monitor- 
ing have begun to characterize the escape processes that have been 
responsible for the depletion of water on Venus over the planet’s 
history. Earlier measurements established a D/H ratio ~150 times 
the terrestrial value in the lower atmosphere", which is consistent 
with the long-term loss of much larger amounts of hydrogen— 
presumably from water—from Venus compared with Earth. Still 
higher values of D/H, up to twofold higher, are now being found 
above the clouds by SPICAV/SOIR (Spectroscopy for Investigation 
of Characteristics of the Atmosphere of Venus/Solar Occultation 
at Infrared), which has also uncovered strong variability in both 
H,O and HDO content*. This unexpected behaviour has been 
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Figure 4 | The plasma environment of Venus as determined by Venus 
Express. All parameters noted in the figure are measured ona regular basis by 
the magnetometer and the ASPERA instrument, in three distinctly different 
regions: the unperturbed solar wind (sw), the plasma sheath (ps) and the 
induced magnetosphere/tail (t). The boundaries determined by the two 
instruments are shown approximately to scale. Oxygen ions are observed at 
high concentrations around the terminator and at lower concentrations well 
into the tail, indicating escape from a specific source region. He” shows 
similar behaviour, whereas H* is observed much more evenly distributed 
around the planet''. The figure shows cylindrical coordinates; the x axis is 
aligned with the Venus—Sun line. Ry, radius of Venus. 
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tentatively explained by a combination of fractionation in the con- 
densation of ice particles and atmospheric transport, which would 
imply that species bearing hydrogen and deuterium are already frac- 
tionated in the mesosphere right beneath the region from which 
escape occurs. 

ASPERA-4 (Analyser of Space Plasmas and Energetic Atoms 4) has 
established for the first time the composition of the escaping plan- 
etary ions, finding that, after H*, the main escaping ion is O~. This is 
in contrast with Mars, where the escaping plasma consists of approxi- 
mately equal amounts of O*, O2* and CO,"*, and it results from the 
higher gravitational acceleration at Venus, which tends to retain 
heavier components such as CO,*. High fluxes of escaping He* 
are also detected''. Oxygen and hydrogen ions are formed by the 
dissociation of neutral atmospheric species, including water, by solar 
ultraviolet radiation, which are then blown away towards the outer 
reaches of the Solar System (Fig. 4). This happens at a faster rate on 
Venus than on Earth, not just because Venus is closer to the Sun but 
also because it lacks the magnetic field that protects Earth from the 
flux of energetic charged particles from the Sun. These loss processes 
must have removed large amounts of water from Venus during the 
first billion years or so after the formation of the Solar System. A 
detailed quantification of the loss rates enables a more accurate 
estimate of how much water Venus has lost over its entire history, 
and by the end of the mission we should know better whether the 
planet once had an ocean as extensive and deep as Earth’s. 


Lightning 

For a long time the existence of lightning on Venus has been contro- 
versial. Whistler-mode waves, which can be considered reliable evid- 
ence of lightning, were detected by the Venus Express magnetometer 
during more than 10% of the pericentre passes’*. This corresponds to 
a lightning rate at least half that of Earth. Frequent lightning repre- 
sents a significant energy input that has important implications for 
the chemistry in the lower and middle atmosphere on Earth, and this 
now seems likely to be true for Venus also. 


Venus is more Earth-like 

The overall sense of the results from the first year of operation of 
Venus Express is that the differences, particularly in climate, between 
Venus and Earth are much less mysterious than previously thought 
after the early phase of spacecraft exploration. They are consistent 
with theoretical ideas and interpretations suggesting that the two 
planets had similar surface environments in the past and that they 
evolved differently, with Earth’s oceans converting most of its atmo- 
spheric CO, to carbonate rocks, and Venus losing most of its water to 


632 


NATURE|Vol 450|29 November 2007 


space. Both processes can now be seen to be still going on. The high 
zonal winds and near-equatorial turbulence on Venus, as well of 
course as the high surface temperatures, result from the depth of 
the atmosphere and huge inventory of greenhouse gas retained by 
Venus. The slow rotation of Venus, as well as possibly being respon- 
sible for the lack of magnetic field that makes erosion of the atmo- 
sphere by the solar wind so effective, permits the Earth-like Hadley 
cell component of the atmospheric circulation to extend closer to the 
poles, where it breaks down in spectacular fashion to form mid- 
latitude jets and polar vortices that are larger and more energetic 
than Earth’s but are in many respects quite similar. 
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Morphology and dynamics of the upper cloud layer of Venus 


W. J. Markiewicz', D. V. Titov’”, S. S. Limaye’, H. U. Keller’, N. Ignatiev’, R. Jaumann*, N. Thomas”, H. Michalik®, 


R. Moissl' & P. Russo! 


Venus is completely covered by a thick cloud layer, of which the 
upper part is composed of sulphuric acid and some unknown 
aerosols’. The cloud tops are in fast retrograde rotation (super- 
rotation), but the factors responsible for this super-rotation are 
unknown’. Here we report observations of Venus with the 
Venus Monitoring Camera’ on board the Venus Express space- 
craft. We investigate both global and small-scale properties of 
the clouds, their temporal and latitudinal variations, and derive 


wind velocities. The southern polar region is highly variable and 
can change dramatically on timescales as short as one day, per- 
haps arising from the injection of SO, into the mesosphere. The 
convective cells in the vicinity of the subsolar point are much 
smaller than previously inferred**, which we interpret as indi- 
cating that they are confined to the upper cloud layer, contrary 
to previous conclusions”*, but consistent with more recent 


study’. 


Figure 1| Variability of the clouds and hazes in 
the south polar region. On 11 April 2006, the 
Venus Express spacecraft was inserted into an 
elliptical polar orbit around Venus with a 24- 
hour period. The mission aims at a global 
investigation of the Venus atmosphere by a 
powerful suite of remote sensing instruments’, 
including the VMC, which is a wide-angle digital 
camera, to investigate the cloud morphology and 
dynamics of the visible cloud tops. The VMC 
takes images in four narrow spectral bands—in 
ultraviolet (365 nm), visible (513 nm) and near- 
infrared (965 and 1,010 nm)—with spatial 
resolution from 50 km per pixel down to 200m 
per pixel. The ultraviolet channel is centred at the 
characteristic wavelength of the mysterious 
ultraviolet absorber, for which the observed 
contrasts are maximal. This figure shows images 
of Venus captured by the VMC in the ultraviolet 
channel. The south pole is at the terminator in the 
bottom left of the images. Super-rotation is in the 
anticlockwise direction. All five images are 
corrected for the solar incidence angle to enhance 
the near-terminator region. a—c, These images are 
from orbits 67 (a), 68 (b) and 70 (c). The period 
of super-rotation varies between three and five 
days, depending on the latitude (compare Fig. 2). 
Strong variability of the near-polar features from 
day to day is obvious. An extreme case of such 
variability is shown in d: the bright haze located 
above the absorbing cloud layer expanded to 
~35° S, and also became denser, masking all the 
features except the oval. Temporal variations in 
the polar regions of Venus were previously 
observed by the Pioneer Venus Orbiter Cloud 
Photopolarimeter (OCPP) experiment at various 
timescales’®. The timescale of the observed 
changes over about one day in the appearance of 
polar region is very short. Panel e was obtained 
from the ascending branch of the orbit, and 
shows the full view of the southern hemisphere 
from equator (right) to the pole. 


'Max-Planck-Institut fiir Sonnensystemforschung, D-37191 Katlenburg-Lindau, Germany. *Space Research Institute (IKI), 117997 Moscow, Russia. *Space Science and Engineering 
Center, University of Wisconsin, Madison, Wisconsin 53706, USA. “Institut fiir Planetenforschung, DLR, 12489 Berlin, Germany. °Physikalisches Institut, CH-3012 Bern, Switzerland. 
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The Venus Express orbit provides an opportunity both to image 
the South pole in nadir geometry and to obtain high-resolution close- 
up views of the Northern hemisphere. Figure 1 shows global views of 
the Southern hemisphere taken by the ultraviolet channel of the 
Venus Monitoring Camera (VMC) from a distance of 60,000- 
40,000 km. A bright mid-latitude band separates darker low latitudes 
from the polar regions, in which global streaks indicate atmospheric 
parcels spiralling towards the pole. The polar vortex, originally dis- 
covered at thermal infrared wavelengths", is now observed by the 
VMC as the dark oval ultraviolet feature (Fig. la). The cloud pattern 
at high latitudes very much resembles the structure of terrestrial 
hurricanes, but the Venus polar vortex is three to four times larger. 
In the lower latitudes the cloud morphology is mottled, indicating 
vigorous convection (see below). 

We find that the south-polar region is highly variable on short 
timescales. Figure la—c shows images taken in three nearly consec- 
utive orbits. They show significant changes in the polar cloud pattern 
on timescales of one day or less. The observed variations are mani- 
festations of global atmospheric motions and wave activity or 
changes in the properties of the bright upper haze. On 13 January 
2007 (orbit 267), the VMC observed a dramatic change of this type 
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Figure 2 | Wind speeds from tracking cloud features. Latitudinal profile of 
the east-west component (the negative sign implies the same sense as the 
rotation of the solid planet) of the cloud motions obtained from digital tracking 
of features observed by the VMC from orbits 263-267 (solid and dashed 
curves). The solid curve shows the profile when only the vectors between 11:00 
and 13:00 Local Solar Time are averaged, whereas the dashed curve includes all 
local times measured (~9:00 to 15:00) The rotation period is also shown (right- 
hand scale, lower, dot-dashed curve). The data points represent averages in 
one-degree-wide latitude bins and the curves show sixth-degree polynomial fits 
to the data. The fit equations for the zonal component U (in ms_') and their 
regression coefficients R are: U(11:00-13:00 LST) = 10 8x°+ 210%? + 
0.0002x* + 0.0041x° + 0.022x* — 0.0758x — 88.976; R” = 0.9662 (diamond 
symbols; solid line). U(all LST) = 5 x 10° °x° + 10° °x° +7 X 10 °x* + 
0.0015x* — 0.0121x” — 0.1183x —88.432; R* = 0.9949 (triangle symbols; 
dashed line). The fit equation for the period (in days) and its R value are: 
P=-5X10 '°x®— 10°7x°—7 x 10 °x* — 0,0002x° — 2 x 10° °x? + 
0.0027x — 5.0148; R? = 0.9395 (square symbols; dot-dashed line) Two 
independent visual tracking estimates were obtained that provide confidence 
in the wind profile at latitudes between ~10° N and ~—45° S. At higher 
latitudes the contrast in the ultraviolet images is much reduced and yields far 
fewer targets for visual tracking. The root-mean-square (r.m.s.) deviation of 
digital tracking results is typically ~20 ms__'. The vectors were first averaged 
over each orbit and then averaged together over orbits 263-267. The error bars 
represent 1 r.m.s. deviation values of the average of the zonal component to 
each orbit (which in turn is an average of all the points in one-degree-wide 
latitude bins).The latitude wind profiles show almost constant velocity of 
90-100 ms_! at low latitudes in agreement with the earlier measurements. 
However, above —40° latitude the wind velocity quickly decreases towards the 
pole. Cyclostrophic balance from thermal structure observations from the 
Pioneer Venus and Venera missions yields strong mid-latitude jets with wind 
speeds up to 140ms_ | at ~—55° (refs 14, 17). However, the difference may not 
be significant, given the different time periods of the observations and the 
insufficient thermal structure data. 
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(Fig. 1d). Over several days, from 9 to 13 January, the brightness of 
the southern polar region increased by about 30%. The bright polar 
haze, the boundary of which is usually located at ~55° S, expanded to 
~35° S. Dark streaks commonly seen in the polar region almost dis- 
appeared, indicating that the total opacity of the haze veil exceeded 
unity. The polar contrast features began reappearing again one day 
later. 

The processes of diffusion growth of sulphuric acid particles, eddy 
mixing and sedimentation have timescales of a few months at these 
altitudes and thus do not seem to be relevant’. Homogeneous nuc- 
leation can lead to quick formation of large amounts of new particles 
in the submicrometre size range (r~ 0.1 um), providing the system 
reaches high values of supersaturation (~ 10-100). In the case of the 
Venus upper atmosphere, this implies either abrupt cooling or injec- 
tion of large amounts of SO, molecules in this region. Both mechan- 
isms imply some changes in the dynamical regime of high and mid- 
latitudes. Subsequent clearing can be explained by the quick decrease 
of haze opacity due to coagulation, a process that effectively decreases 
the number of particles and opacity. The coagulation timescale is 
leoag ~ 2/Kn, where nis the number density and K is the coagulation 
kernel. For the brownian coagulation’, K~10~?cm*s~'. VMC 
observations of clearing of the polar regions during one day 
(~10° s) indicate that the aerosol number density in the upper haze 
is n~10*cm *. VMC observations show that in the peak of bright- 
ening on 13 January the upper haze obscured the cloud top, which 
implies an opacity of t~ 1. We can also estimate the geometrical 
thickness H of the upper haze layer. The opacity is t~ mr QnH, 


Figure 3 | A mosaic of VMC ultraviolet images showing streaks, wave 
trains and convection cells (orbit 116). The elongated orbit of Venus 
Express allows us to zoom into the cloud features while the spacecraft 
approaches the planet. This mosaic shows that mottled and chaotic cloud 
patterns at low latitudes give way to approximately zonally oriented streaks 
at about — 15° latitude. This indicates a transition from a dynamical regime 
that is dominated by local convection at the subsolar point to a quasi- 
laminar flow. 
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where Q ~ 2 is the extinction efficiency. Assuming other values are as 
derived above, we obtain H ~ 2 km, which seems to be a reasonable 
value. 

Tracking the motions of ultraviolet markings was routinely used 
in the earlier observations to determine wind velocities at the cloud 
tops”*''"* (~70km). The VMC observations have significant 
advantages in comparison to the earlier missions. First, the imaging 
sequences have significant duration (~8 h) and good temporal reso- 
lution. Second, the Venus Express orbit allows the VMC to extend 
wind tracking to middle and high latitudes that were hardly accessible 
by the earlier missions. Figure 2 shows the preliminary results of 
zonal winds derived from observations in orbits 263-267. 

Because the Venus Express pericentre is kept in the altitude range 
250-350 km, the highest spatial resolution is less than 200m per 
pixel. Figures 4 and 5 show more detailed images of various regions 
in Fig. 3. Wave trains, located perpendicular to the direction of cloud 
streaks, are ubiquitously present at the equatorial edge of the bright 
polar band and indicate vivid wave activity in this transition region. 


Figure 4 | Three VMC views of Venus clouds with wave-like structures. 
a, An image of a wave train in mid-latitudes at 52° N, —166° E. The typical 
wavelength of these waves is a few tens of kilometres. b, Long linear 
features such as this one at 54° N, —62° E are occasionally observed, the 
nature of which is not clear. ¢, A wave train in the polar region (77° N, 
—51° E). Images a and b are taken in the ultraviolet channel, and image ¢ in 
the near-infrared. We note that the correlation between the ultraviolet and 
near-infrared cloud markings that was first evident in Galileo observations'” 
frequently appears in the VMC close-up images. This correlation implies 
that similar mechanisms are responsible for both ultraviolet and near- 
infrared contrasts and that the unknown ultraviolet absorber absorbs in the 
near-infrared as well. 
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Figure 5 shows details of the equatorial region near the subsolar 
point (local noon). Figure 5a shows what looks like a wave under- 
going instability into a more turbulent convection. Figure 5b and c 
shows more vigorous activity. The morphology of the clouds here is 
dominated by small-scale cells, but many larger-scale linear features 
can also be seen. The cellular patterns are believed to be convection 
cells. They are most prominent in the early afternoon but can also be 
found near the subsolar point on the morning side. Further from the 
subsolar point, the patterns return to wavy and streaky morphology 
even in the equatorial region. The horizontal scale of the convection 
cells is about 20 km. Because the convection is probably in the upper 
cloud deck, extending from ~57 to 67 km in altitude, the aspect ratio 
(diameter/depth) of the cells is about 2. This is five times smaller than 
the lower limit of aspect ratios reported previously**. These earlier 


Figure 5 | Three VMC ultraviolet images of the upper cloud deck near the 
subsolar point. The arrows point to the north. a, Wave-like structures 
transforming into a convective mottled morphology (17° N, —143° E), 
LST = 14:32. b, Streaks and convective cells on the equator (0° N, — 150° E), 
LST = 14:41. ¢, Small convection cells downstream of the subsolar point 
(10°N, 125° E), LST = 13:16. 
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estimates were based on data with lower temporal and concurrent 
spatial resolution than is possible with the VMC. We believe that 
their inferred convection cells were actually clusters of cells that are 
now individually resolved—as seen in Fig. 5b, c. Studies of penetra- 
tive convection”’’ have investigated the 40-60 km cloud layer, deeper 
than the VMC can image, and have relied on the existence of the 
neutral and stable layers seen in the thermal structure revealed from 
Pioneer probes and confirmed by Soviet landers. These studies 
showed that convection may penetrate downward into the stable 
layer from the neutral layer with aspect ratios of ~ 100 in the subsolar 
region. Our observations suggest that the convection in the subsolar 
region occurs on smaller scales and takes place in the upper reaches of 
the cloud layer, consistent with more recent study’. The subsolar 
region is where Venus’ atmosphere absorbs most of the solar radi- 
ation. This energy somehow has to be distributed throughout the 
planet to drive super-rotation. With deep convection, the transport 
of energy could be efficiently accomplished dynamically. Our present 
conclusion—that the convection is shallow—requires a reassessment 
of radiative energy transport from the subsolar region to the rest of 
the atmosphere. Further analysis should help in understanding the 
vertical coupling in the Venus atmosphere and the mechanism of 
super-rotation. 
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South-polar features on Venus similar to those 


near the north pole 
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Venus has no seasons, slow rotation and a very massive atmo- 
sphere, which is mainly carbon dioxide with clouds primarily of 
sulphuric acid droplets. Infrared observations by previous mis- 
sions to Venus revealed a bright ‘dipole’ feature surrounded by a 
cold ‘collar’ at its north pole’*. The polar dipole is a ‘double-eye’ 
feature at the centre of a vast vortex that rotates around the pole, 
and is possibly associated with rapid downwelling. The polar cold 
collar is a wide, shallow river of cold air that circulates around the 
polar vortex. One outstanding question has been whether the glo- 
bal circulation was symmetric, such that a dipole feature existed at 
the south pole. Here we report observations of Venus’ south-polar 
region, where we have seen clouds with morphology much like 
those around the north pole, but rotating somewhat faster than 
the northern dipole. The vortex may extend down to the lower 
cloud layers that lie at about 50 km height and perhaps deeper. 
The spectroscopic properties of the clouds around the south pole 
are compatible with a sulphuric acid composition. 

We used the Visible and Infrared Thermal Imaging Spectrometer 
(VIRTIS) instrument*® on the Venus Express spacecraft to observe 
the south polar region of Venus. VIRTIS measures radiation intensity 
at wavelengths between 0.3 and 5 pm. The wavelengths between 3 and 
5 um are sensitive to both temperature and cloud opacity variations. 
Despite the uncertainties that this introduces, extensive radiative 
transfer modelling indicates that the real temperature profile in the 
mesosphere (60-100 km altitude) can be retrieved from VIRTIS data 
with errors of a few kelvin. 

The observations in Fig. 1 show that the atmospheric structure at 
the south pole as seen in the thermal region of the spectrum at about 
5 um exhibits an inverse ‘S’ shape, indicating a polar dipole having 
two centres of rotation in an anticlockwise direction (in agreement 
with the direction of the atmospheric superrotation), surrounded by 
a cold collar very much like that observed in the north from past 


missions. Both the dipole and the collar are thus similar to those 
previously observed at the north pole by Pioneer Venus’ but in mir- 
ror image (owing to the clockwise rotation of the atmosphere at the 
north pole). The horizontal gradient of temperature is greatest at an 
altitude of about 60 km (the lowest layer effectively probed in the 
thermal region at about 5 um), with a brightness temperature as high 
as 250 K observed inside the dipole in contrast with a temperature as 
low as 210 K observed in the cold collar region. This is shown in Fig. 2, 
where the real retrieved temperatures are also reported. The detailed, 
double-eye structure seen in Figs 1 and 2 is not always observed; an 
oval-shaped dipole with less contrast and variable morphology is 
more frequently observed in the VIRTIS data from the first few 
months of Venus Express operations. 

Images of the dipole taken during the first 45 days of the spacecraft 
at Venus indicate that it rotates with a period of —2.48 + 0.05 days. 
The negative sign indicates that the dipole rotates in the direction of 
the solid body of the planet and the superrotating atmosphere, which 
is retrograde with respect to the rotation of the Earth and most other 
planets in the Solar System. This rotation is somewhat faster than the 
rotation of the northern dipole observed from Pioneer Venus in 
1979, which exhibited a rotation period varying from —2.79 days 
to —3.21 days over the 72 days of observation’. It could be that the 
difference is in part due to hemispherical asymmetry, but temporal 
variability also seems to have an important role. The variability may 
be caused by external sources—for example, solar influences—or 
may be indicative of dynamical instability in the atmospheric circula- 
tion. The VIRTIS observations reported here were taken sporadically 
during spacecraft commissioning, so we cannot yet quantify the vari- 
ability of the dipole rotation rate. However, further observations will 
help clarify this question. 

The analysis of three-dimensional atmospheric thermal fields 
retrieved from the measured radiances indicates that regions of cold 
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atmosphere (210K) are associated with the cold collar at the 
100 mbar level (about 65 km altitude). This spatial structure vanishes 
at higher altitudes (>75 km), where the layers become more spatially 
isothermal. 


Tp at 5.05 uum (K) 


Figure 2 | The dipole in its highest-thermal-contrast atmospheric layer. 
Left, the colour-coded brightness temperature, Tp, at 5.05 ttm of the dipole 
and the cold collar region. The level curves in the image are the real 
atmospheric temperatures retrieved from the VIRTIS measured radiances 
corresponding to a pressure of 200 mbar (about 60 km) and they correlate 
quite well with the Ty values at this wavelength. The contrast in Tz is 
maximum at this layer, and the warmer region corresponds to the ellipse 
containing the dipole where a value of Tx as high as 250 K is observed in the 
centre of rotation on the left side (real retrieved atmospheric temperature 
being only a few kelvin less). This part was on the dayside at this time and 
thus it may be warmed by the solar flux. The overall contrast inside the 
ellipse is not more than 8 K at 5.05 tm. The spatial thermal gradient is 
steepest from the cold collar to the inner part on the right side of the 
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Figure 1| The Venus south-polar dipole. a—d, A sequence of four false- 
colour images at a wavelength of 5.05 jim acquired during orbit 38 on 28 May 
2006, time 17:41:30, starting from a with a time interval of 1 hour; the 
brightness temperature, Tg, is colour coded as shown. The dipole was clearly 
seen in these observations with unprecedented detail from a distance of 
about 60,000 km as it rotates around the pole. The images provided by 
VIRTIS, when used in high spatial resolution mode such as in this figure, 
have a size of 256 X 256 pixels and each pixel has an instantaneous field of 
view of 250 jtrad. Major and minor axis dimensions of the dipole are about 
2,700 km and 900 km, respectively. Radiative transfer calculation sets the 
main source of the radiance at this wavelength as coming from a layer at 
about 60 km altitude where the maximum contrast is seen for the detailed 
thermal structure of the dipole. The blue and the green curves in the four 
panels are the meridians at 330° and 350° of longitude, respectively. The red 
circle indicates the south pole. The yellow curve is the parallel at —70° of 
latitude. The cold collar is just beyond this latitude and its temperature is 
coldest on the right side, where the morning terminator resides. The centre 
of the dipole in temperature is offset by 4° with respect to the south pole in 
this image. However we expect some variability, which can be studied over a 
long term period during the course of the mission. 


Atmospheric vertical temperature gradients between 100 to 
50 mbar (about 68 km altitude) appear moderate inside the ‘S’ shape, 
in the range 0 to —3 Kkm |, whereas strong inversions are observed 
above the cold collar with values up to 6Kkm '. Another weak 


-110 


right-hand pole of the dipole where a temperature difference of 15 K is 
observed over a distance of the order of 200 km, just outside the edge of the 
ellipse. The coldest region of the polar collar with temperatures of about 
210 K is registered on the right part, on the morning terminator side. Right, 
the atmospheric vertical temperature profile in two different regions. The 
green curve is retrieved in the green spot on the left image, inside the polar 
collar region. This is also the region where the more prominent thermal 
inversion is observed in the range from 60 to 70 km altitude. The red curve is 
from the red spot inside the dipole where the thermal inversion is much 
more limited. The image also reveals filaments in the circular shape 
following the rotation of the dipole in the outer part of the ellipse, and also a 
fine detailed structure in the inner part where the two bright features seem to 
be connected together. 
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Figure 3 | The deepest view of the dipole seen so far. a, b, Nightside images 
at 1.74 um (a) and 2.3 jum (b) selected from spectral image cube number 4 of 
orbit 38; radiance is coded according to the grey scale shown. The thermal 
radiation at these wavelengths mainly originates below the cloud layers, so 
the structure is produced by spatial variations in the opacity of the clouds. 
The morphology of the vortex here is remarkable and presents many details. 
The circular features falling in the region of the cold collar are probably due 
to clouds elongated by the strong winds coming from the superrotation. The 
same cloud structures are seen in both spectral regions, with differences in 
the contrast of the features. The reason for the lower signal at 2.3 1m can be 
attributed to the different number density or size of the cloud particles’”"’. 
The single scattering albedo for sulphuric acid mode 2 particles is 

Mo = 0.99978 and 0.988, respectively, for these spectral windows. At 1.74 um 
wavelength the signal decreases and at 2.3 1m it becomes dramatically low, 
sometimes disappearing altogether when the cloud optical depth increases. 
This is shown in two spectra in b related to two different regions, bright 


maximum in vertical atmospheric temperature profiles is observed 
around 0.2 mbar (about 95km altitude), with a peak temperature 
ranging from 185 to 195 K and apparently no clear spatial organiza- 
tion. The coldest side of the cold collar is identified on the morning 
terminator side, similarly to the one observed on the north pole. The 
centre of the dipole from a thermal point of view, as shown in Fig. 1, is 
4° offset with respect to the geometric south pole, although this 
displacement evidently varies with time. The structure of the dipole 
at different cloud heights and wavelengths is shown in Supplementary 
Fig. 1. 

Figure 3 shows an image of the deep atmospheric structure of the 
vortex in two of the spectral ‘window’ regions, at wavelengths near 
1.74 and 2.3 jim. Radiative transfer models indicate that the radiation 
at these wavelengths originates about 10-20 and 20-30 km above the 
surface, respectively*’. The spatial contrast structure is produced as 
this radiation passes through the clouds, and is attenuated by cloud 
layers with differing optical depths'®”*. It was found earlier from 
Venera 15 infrared spectrometry that sulphuric acid is the main 
component of the clouds in the north-polar region'’. From Mie 
theory calculations, at wavelengths 4 < 1.27 um the single scattering 
albedo of sulphuric acid particles is @) > 0.9999, compared to wp = 
0.988 at A = 2.35 um. The relative variation of radiance in the near- 
infrared spectral windows (as shown in Fig. 3 and Supplementary Fig. 
1) is compatible with a sulphuric acid composition of the clouds. The 
increasing thickness of the clouds does not greatly influence the 
conservative scattering part of the spectrum (2 < 1.27 Im), as may 
be seen in Fig. 3 and Supplementary Fig. 1, panel i. This can be 
considered as the first indication of the sulphuric acid composition 
of the clouds in the south polar region. 

The polar vortex region is typically very cloudy, even though there 
are occasionally ‘holes’ where it is possible to probe very deeply at a 
wavelength of 1.74 um. The outline of the dipole seen in the thermal 
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(green circle and green spectrum) and dark (red circle and red spectrum), see 
Supplementary Fig. 1 for further information. The rising of the continuum 
radiance on the left side of the spectrum (shorter wavelengths) is due to 
contamination by scattered light coming from the dayside. The behaviour of 
the windows corresponds to the variation of the cloud optical depth: the 
intensity does not change significantly in the window with conservative 
scattering (for wavelengths lower than 1.27 |im, the absorption optical depth 
of the cloud deck is less than unity) but changes strongly in the 2.3 um 
window. The whole of the dipole is not visible at these wavelengths, because 
the strong reflected solar light from the higher levels on the dayside does not 
allow the detection of the deeper levels of the structure beyond the 
terminator. The three-dimensional view of the vortex seen in these images is 
not typical, and it may have been enhanced by the relatively high emergence 
angle of these observations, about 40° in the centre and ranging from 20° to 
60° from the top left to the bottom right corner. 


region corresponding to the upper cloud layer overlaps with the 
pattern seen in the near infrared, which is largely modulated by the 
opacity of the lower and middle cloud layers, but the structure is 
somewhat different (Fig. 3). The images probing the deep atmo- 
sphere show that the vortex may extend as far as the base of the cloud 
layer at about 50 km height, and perhaps deeper. 

VIRTIS observations usually show a strong correlation between 
the details observed at about 5.0 lum and 3.8 lum, suggesting that the 
radiance at these wavelengths may depend on the thermal emission 
from clouds at about the same level. In contrast, simultaneous obser- 
vations at ultraviolet and infrared wavelengths taken on orbit 29 (19 
May 2006; Supplementary Fig. 1) show a strong anticorrelation of 
the dark ultraviolet cloud features and bright emission regions in the 
infrared in both the dipole and the spiral arm around it. A possible 
explanation is that the dark ultraviolet features absorb more solar 
radiation and are actually warmer than the ultraviolet bright features, 
but heating by solar radiation is less effective at high latitudes in the 
polar region. Alternatively, bright regions in the 400 nm images of the 
high-latitude dayside may also be interpreted as being due to higher 
clouds located below the thermal inversion layer. Such clouds would 
have lower temperatures and appear dark in the thermal infrared, and 
the effective level from which radiation comes in the ultraviolet spec- 
tral range would be in this case significantly lower than the previously 
estimated value around 70 km height'*"*. 

Small-scale features in the images taken at 1.74 um and 5.05 um 
during orbit 38 were tracked to derive winds at different vertical 
depths. The wind velocity measured at 1.74 [um (assumed to originate 
at 45-50 km altitude) decreases from 50 +3ms | at latitude 75° S 
to Oms ' at the pole, implying a meridional wind shear of 
(3.2 0.2) X 10-°s |. This matches the rotation rate of the large- 
scale dipole feature at this wavelength. Small-scale features observed 
in the dipole at 5.05 um (altitude about 60 km) move with velocities 
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that decrease from 35 +5ms_'at75°Sto0ms' ' at the pole, imply- 
ing a meridional wind shear of (2.2 + 0.3) X 10 °s ‘. Both the 
upper and lower structures move at the same velocity at latitudes 
poleward of —80°. The mean vertical wind shear at the dipole 
external limit at —75° is (1.5 +0.5) X10 °s 1, assuming that the 
images taken at 1.7441m and 5.051m are sensing at respective 
altitudes of 50 km and 60 km. The interesting temporal and structural 
variability of the dipole will be further analysed over the course of the 
mission. 
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The upper atmosphere of a planet is a transition region in which 
energy is transferred between the deeper atmosphere and outer 
space. Molecular emissions from the upper atmosphere (90- 
120 km altitude) of Venus can be used to investigate the energetics 
and to trace the circulation of this hitherto little-studied region. 
Previous spacecraft’ and ground-based’~ observations of infrared 
emission from CO;, O, and NO have established that photoche- 
mical and dynamic activity controls the structure of the upper 
atmosphere of Venus. These data, however, have left unresolved 
the precise altitude of the emission’ owing to a lack of data and of 
an adequate observing geometry”®. Here we report measurements 
of day-side CO2 non-local thermodynamic equilibrium emission 
at 4.3 1m, extending from 90 to 120 km altitude, and of night-side 
O, emission extending from 95 to 100 km. The CO, emission peak 
occurs at ~115 km and varies with solar zenith angle over a range 
of ~10km. This confirms previous modelling’, and permits the 
beginning of a systematic study of the variability of the emission. 
The O, peak emission happens at 96 km + 1 km, which is consis- 
tent with three-body recombination of oxygen atoms transported 
from the day side by a global thermospheric sub-solar to anti-solar 
circulation, as previously predicted’. 

Observations with the Visible and Infrared Thermal Imaging 
Spectrometer (VIRTIS) on Venus Express®” are obtained at wave- 
lengths in the infrared between 1 and 5 um in the night side. These 
data cover the lower atmosphere up to the altitude of the upper cloud 
top at about 65 km and temperature profiles from the cloud tops to 
~90 km by the thermal inversion of the CO) 4.3 j1m band. Also seen 
in the near-infrared range are night-side airglow emission from O, 
(at 1.27 um), and the non-local thermodynamic equilibrium (non- 
LTE) day-side emission by CO, (4.3 um) and CO (4.6m). This 
emission originates in the upper layers of the atmosphere between 
90 and 140km, where pressures and collision rates are low, so that 
molecules in excited energy states can emit a photon before collisions 
bring them into thermal equilibrium. These observations were 
obtained both in limb geometry, where vertical variations are best 


investigated, and nadir geometry, where horizontal variations can be 
mapped in two dimensions. The highly eccentric 24h orbit of Venus 
Express'® permits regular mapping of the southern hemisphere, on 
both the day and the night sides. The VIRTIS pixel size of 0.25 mrad 
gives a spatial resolution of 15km on Venus from apocentre, at a 
distance of about 66,000 km. 

The differences in CO, day-side emissions in limb and nadir con- 
figurations are detailed in Fig. 1, showing the strong enhancement of 
the 4.3 um band at the limb, well above the cloud level, first observed 
by Galileo/Near Infrared Mapping Spectrometer’. This is a feature 
common to the three telluric planets with atmospheres, because 
Mars, Earth and Venus all exhibit non-LTE CO, emission'’'’. The 
altitude of peak emission is defined by a competition between the 
exponentially increasing density of the atmosphere with depth 
(increasing the population of molecules that can emit) and the 
increasing collision frequency, which brings the molecules into 
LTE, quenching this emission. The altitude and the intensity of the 
peak emission are therefore related to the density structure of the 
atmosphere, and their observed variations to atmospheric behaviour, 
opening a new window on atmospheric processes at these altitudes. 

A complete description of a non-LTE radiative transfer model that 
was originally developed for the Martian atmosphere" but is relevant 
to these new observations of Venus can be found in recent updates®’. 
The model simulates solar absorption and atmospheric thermal 
emission by CO, molecules, including a large number of CO, vibra- 
tional energy levels. It also includes a microphysical calculation of 
their state populations, with a detailed treatment of collisional pro- 
cesses. The probability that solar photons absorbed by a CO, mole- 
cule and re-emitted resonantly will be reabsorbed at another level is 
included by using the Curtis matrix method. The standard profile of 
atmospheric temperature and pressure versus height is taken from 
the Venus International Reference Atmosphere (VIRA)'®. As shown 
in Fig. 1, the model predicts the shape and peak altitude of the 
intensity quite well, and the fit is improved by suitable changes in 
the temperature—pressure profile, which affect not only the peak 
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altitude and intensity, but also the spectral shape of the observed 
emission. The fit of the model calculations to the observations is 
within a margin consistent with the estimated uncertainties in the 
model due to spectroscopy, input geophysical parameters and 
numerical approximations. Although a non-LTE retrieval from the 
observations is still beyond the scope of the present calculations, its 
future implementation will permit the atmospheric structure to be 
determined from limb observations. 

In addition to the strong limb emissions, the planetary disk can be 
observed in nadir mode (Fig. 1a). With the radiative transfer model 
calibrated against the high-accuracy limb observations, future work 
will be devoted to the interpretation of the nadir emission. In par- 
ticular, as the emission is sensitive to atmospheric density variations, 
it will be possible to search globally for density fluctuations at the 
altitude of peak emission, including those related to wave activity. 
Limb viewing geometry will still provide the best chance for the local 
detection of such waves, thanks to the strong enhancement of the 
emission due to the slant geometry. 

Night-side O emissions at 1.27 um on Venus have been observed 
and mapped from the Earth*'® since their first detection’. VIRTIS 
night-side observations complement these at much higher spatial 
resolution because the view from the Venus Express polar orbit cov- 
ers the southern hemisphere from equator to pole. In addition, limb 
observations from an orbit around Venus give unprecedented access 
to the vertical distribution of the airglow layer, providing key con- 
straints on the models. Figure 2 shows examples of the spectral and 
spatial distribution of O, emission. 
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The O, airglow in the near-infrared is produced by three-body 
recombination of oxygen atoms formed on the day side by photo- 
dissociation of COz and CO. These oxygen atoms are transported to 
the night side by the global circulation, where they recombine 
according to the reaction: 


0+0+M >0,*+M (1) 


where O,* indicates one of the excited states of the O2 molecule and 
M is any neutral constituent. A fraction of the O, molecules, esti- 
mated to be ~7%, is formed directly in the "Ay metastable state. A 
substantial fraction of the upper states cascades into the 'A, state, so 
that the net efficiency ¢ of the production of this state in the three- 
body recombination may be considerably larger. We adopt here a 
value® of ¢ = 0.75. Quenching of O; vis molecules, mostly by colli- 
sions with CO,, can cause non-radiative transitions to the O2 ground 
state. 

In Fig. 2c, the vertical distribution of the Oz (‘Ag) emission rate 
calculated with a one-dimensional photochemical-diffusive trans- 
port model is compared with the limb profile observed on orbit 76 
at 35° N. The observations integrate all the O2 emission along the line 
of sight, which is accounted for in the model. A downward flux of 
oxygen atoms is allowed through the upper boundary, and the oxy- 
gen atom density decreases with depth below the peak according to 
reaction (1). The altitude of the peak of the 1.27 lum emission is thus 
controlled by the competition between vertical transport and recom- 
bination, whereas the brightness is proportional to the downward 
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Figure 1| CO, non-LTE emission on the day side of Venus. Example of CO, 
observations around 4.3 1m from VIRTIS. a, A VIRTIS-M (mapping 
channel) image of Venus at 4.33 tum for Orbit 25 composed of three 
consecutive images (named Qubes 1-3), each with partial disk coverage, 
showing the CO, emission enhanced from nadir to the limb. The variation of 
the peak emission along the limb is partly due to the solar zenith angle 
change, but additional variability is also present, which may be due to real 
atmospheric variability. Radiance (shown by colour scale) is integrated over 
the VIRTIS-M spectral resolution, which is ~400; the noise level is around 
0.06 radiance units. The colour scale is linear between the extreme values, as 
indicated. b, Spectrum of VIRTIS-H (spectroscopic channel) during orbit 79 
in a limb geometry at tangent heights and with a spectral resolution of 
~1,800, with several emission peaks corresponding to different 
vibrational—rotational bands of CO;, whose relative weights depend on the 
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saturation of each band, and therefore on the slant altitude of the 
observation. The noise radiance is <1.5 X 10 units. ¢, Simulations of CO, 
non-LTE emission at 126 km tangent height using a non-LTE radiative 
transfer model in standard atmospheric condition, adapted to the same 
illumination conditions and spectral resolution. Contributions from the 
main CO) isotope (abbreviated 626) and from all other minor isotopes 
(abbreviated ISO) are indicated. Most of the features observed are captured 
by the model, but it seems to overestimate the peak radiance and to 
underestimate the relative contribution of the minor isotopes. d, An 
example of a limb emission profile, from the Venus disk at the location 
shown by the arrows in a. The vertical scale is the tangent altitude of the 
observation, and the highest emission corresponds to ~100 km. Simulation 
with the non-LTE radiative transfer model explains the limb brightening, 
but seems to overestimate the peak emission and its altitude. 
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flux of oxygen atoms. The temperature and CO; vertical distributions 
are again taken from the VIRA model’. Vertical transport is 
by molecular diffusion at high altitude and parameterized below 
the homopause by an eddy diffusion coefficient in the form 
K=A/\/ncm’s ', where A is an empirically estimated parameter 
and n is the total number density. The best fit to the profile corre- 
sponds to A= 2X 10'* and a downward flux of oxygen atoms of 
Fy =5 X 10'' atomscm™*s~!. The derived maximum oxygen atom 
number density, reached at 100 km, is 1.3 X 10''cm7*. This quantity 
has not been measured previously by other techniques. 

The derived value of Fy can be compared with an average produc- 
tion of about 8 X 10’? atomscm™*s! on the day side, such that if 
all atoms were carried to the night side without chemical loss, the 
average vertical emission rate would be 3 megaRayleigh (one 
megaRayleigh corresponds to the brightness of an extended source 
emitting 10'*photonscm™*s~! in 47 steradians), that is, about 
seven times the value deduced from this limb profile. The geo- 
metry of the limb emission allows us to distinguish the flux from 
different layers, so the contribution of the reflection of the O, emis- 
sion by the cloud layer below can be neglected, unlike observations in 
nadir geometry where a factor of 1.75 enhancement has been 
derived*. The non-homogeneous, time-dependent distribution of 
the O, 'A, nightglow indicates that the local downward flow of 
oxygen may differ substantially from the mean value, in response 
to variations in factors such as the efficiency of the global day-to- 
night transport, the focusing effect of the night-side subsidence, 
changing zonal wind speeds, eddy transport efficiency, and gravity 
wave breaking. 

Observations by VIRTIS in the nadir mode (Fig. 3) can be used to 
construct extensive maps of the Venus atmosphere in the O2 emis- 
sion band. In nadir viewing, the contamination of the O2 emission by 
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Figure 2 | O2 emission in the night side upper atmosphere of Venus. 

a, Spectra of O, emission at 1.27 1m; the three spectra show regions with 
dominant O2 emission (blue), intermediate O2 emission (green), and 
dominant thermal emission (red). The O2 emission is dominant at 1.27 um, 
whereas thermal emission makes the major contribution in the adjacent 
spectral elements. Because the relative influence of the two contributions is 
very different in adjacent wavelength channels, the lower atmosphere 
contribution can be subtracted by linear interpolation to get the vertical 
profile of the O, emission to first order. b, Image of the limb at 1.27 um in 
orbit 76 by VIRTIS-M. In this reconstructed image, the horizontal 
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the thermal emission of the deeper atmosphere has been subtracted 
to present pure O, airglow images. The O, night glow exhibits a large 
spatial and temporal variability, but the mean value, integrated over 
the night side of the southern hemisphere, is typically in the range of 
0.8 megaRayleigh, which is in agreement with the early ground-based 
observations’, which found 1.2 megaRayleigh for the night side. 
Recent ground-based observers have also seen variability as large as 
20% over periods of hours’®. 

A new feature of these observations from Venus Express is the 
ability to observe these non-LTE and airglow phenomena from a 
vantage point above the South Pole, at an apocentre altitude of 
66,000 km. This unique perspective reveals the night-side emission 
over most of the southern hemisphere, from which the latitudinal 
distribution, and especially the distribution around local midnight, is 
obtained. Despite difficulties in interpretation of O> variability in 
terms of bulk velocities, a search to derive the velocity fields from 
the large body of statistics in the full mission will be undertaken. 
The current observations are interpreted as showing signatures of 
the solar to antisolar circulation in the mesosphere. Although obser- 
vations in the emission bands of O2 and CO, sample similar altitude 
levels of the atmosphere, we emphasize that the differences in the 
processes involved give different insights into atmospheric models. 
The CO, emission has a small dependence on atomic oxygen amount 
and is thought to be mostly regulated by a geographically simple 
solar illumination parameter, modulated by density variations like 
those expected from upward-propagating waves. A further depend- 
ence on the solar cycle is expected via the O/CO, ratio, and possibly 
via the thermal and density structure of the lower mesosphere. In 
contrast, the O, emission is very sensitive to atomic oxygen amounts, 
and is driven by the highly variable and poorly understood dynamics 
of the global thermospheric sub-solar to anti-solar circulation 
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dimension is the scan direction of VIRTIS-M. The limb was approached in 
the vertical dimension down to a minimum altitude of ~80 km, then the 
spacecraft motion was inverted, giving a second limb sounding of the 
atmosphere. The three stars give the path used for the retrieval of the vertical 
profiles of c. c, Limb vertical profile in O2 emission at a latitude of 35° N, 
retrieved from the image, comparing the observed emission profile (red), 
with simulations from a one-dimensional model (blue). Peak altitude and 
intensities are well reproduced, but a smaller scale height is observed, 
compared to the model. 
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Figure 3 | Apparent motions in the O2 emission in nadir geometry during 
orbits 84 (above) and 96 (below). The images have been corrected for 
thermal emission from the deeper atmosphere, and projected in terms of the 
local time at each longitude. The maps exhibit almost pure O, emission 
extending in the southern hemisphere from the equatorial zone to high 
latitudes. For each orbit a sequence of two images separated by ~1 h shows 
the displacement of the emitted structures. The airglow apparent motions 


(Fig. 3). The systematic observations now underway should reveal the 

detailed characteristics of the latter and its dependence on solar 

activity. 

Received 9 April; accepted 27 July 2007. 

1. Bougher, S. W., Alexander, M. J. & Mayr, H. G. Upper atmosphere dynamics: 
global circulation and gravity waves. In Venus II: Geology, Geophysics, Atmosphere, 


and Solar Wind Environment (eds Bougher, S. W. Hunten, D. M. & Philips R. J.) 
259-292 (Univ. Arizona Press, Tucson, 1997). 


644 


have velocities of the order of 60 ms__'. The flow is dominated by meridional 
motions from polar latitudes equatorward and by a zonal flow from dawn to 
midnight. Both are signatures of the solar to antisolar circulation of the 
mesosphere. Repetition of such images from orbit to orbit shows a high 
degree of variability and only a statistically large set of observations will 
provide a global view of the general characteristics of the O2 emission over 
the full Venus Express mission. 


2. Connes, P. Noxon, J. F., Traub, W. A. & Carleton, N. O2 1A emission in the day and 
night airglow of Venus. Astrophys. J. Lett. 233, L29-L32 (1979). 

3. Crovisier, J. et al. Carbon monoxide emissions at 4.711m from Venus’ atmosphere. 
Planet. Space Sci. 54, 1398-1414 (2006). 

4. Lellouch, E. et al. Monitoring of mesospheric structure and dynamics. In Venus II: 
Geology, Geophysics, Atmosphere, and Solar Wind Environment (eds Bougher, S. W. 
Hunten, D. M. & Philips R. J.) 295-324 (Univ. Arizona Press, Tucson, 1997). 

5. Drossart, P. et al. Scientific goals for the observation of Venus by VIRTIS on 
ESA/Venus Express mission. Planet. Space Sci. doi:10.1016/j.pss.2007.01.03 
(in the press). 


©2007 Nature Publishing Group 


NATURE|Vol 450|29 November 2007 


6. Lopez-Valverde, M. A., Drossart, P., Carlson, R., Mehlman, R. & Roos-Serote, M. 

Non-LTE infrared observations at Venus: From NIMS/Galileo to VIRTIS/Venus 

Express. Planet. Space Sci. doi:10.1016/j.pss.2007.01.008 (in the press) (2007). 

7. Roldan, C., Lopez-Valverde, M. A., Lopez-Puertas, M. & Edwards, D. P. 

Non-LTE infrared emissions of COz in the atmosphere of Venus. Icarus 147, 11-25 

(2000). 

8. Crisp, D. et al. Ground-based near-infrared observations of the Venus nightside: 

.27-m O('Ag) airglow from the upper atmosphere. J. Geophys. Res. 101, 

4577-4594 (1996). 

9. Piccioni, G. et al. South-polar features on Venus similar to those near the north 

pole. Nature doi:10.1038/nature06209 (this issue). 

0. Titov, D. V. etal. Venus Express science planning. Planet. Space Sci. 54, 1279-1297 

(2006). 

1. Lellouch, E. et al. The 2.4-45u1m spectrum of Mars observed with the infrared 

space observatory. Planet. Space Sci. 48, 1393-1405 (2000). 

2. Picard, R. H., Wintersteiner, P. P., Hegblom, E. R. & Richards, E. Remote sensing of 
discrete stratospheric gravity-wave structure at 4.3-pum from the MSX satellite. 
Geophys. Res. Lett. 25, 2809-2812 (1998). 

3. Formisano, V., Maturilli, A., Giuranna, M., D'Aversa, E. & Lopez-Valverde, 

M. A. Observations of non-LTE emission at 4-5 microns with the planetary 
Fourier spectrometer aboard the Mars Express mission. Icarus 182, 51-67 
(2006). 

4. Lopez-Valverde, M. A. & Lopez-Puertas, M. A non-local thermodynamic 
equilibrium radiative transfer model for infrared emissions in the atmosphere of 
Mars. 1. Theoretical basis and nighttime populations of vibrational states. 

J. Geophys. Res. 99, 13093-13115 (1994). 

5. Keating, G. M. et al. Models of Venus neutral upper atmosphere: Structure and 
composition. Adv. Space Res. 5, 117-171 (1985). 

6. Ohtsuki, S. et al. Ground-based observation of the Venus 1.27-um O2 airglow. Adv. 
Space Res. 36, 2038-2042 (2005). 


Acknowledgements We acknowledge the work of the entire Venus Express team 
of ESA and Astrium, who allowed these data to be obtained. This work is supported 
by the national space agencies CNES and ASI, and by SFTC in the UK. J.C.G. thanks 
the FNRS and the PRODEX-ESA program for funding. 


LETTERS 


Author Contributions P.D. and G.P. have coordinated the work as Principal 
Investigators of VIRTIS. J.C.G. contributed to the Oz model, L.Z. to the Oz data 
selection, and M.A.L.-V. to the COz model. A.S.-L. and R.H. contributed to the 
dynamics calculation for Fig. 3. All authors contributed equally to the planning of 
the work, instrumental calibration and data calibration. F.W.T. and B.B. helped to 
finalize the paper. 


Author Information Reprints and permissions information is available at 
www.nature.com/reprints. The authors declare no competing financial interests. 
Correspondence and requests for materials should be addressed to P.D. 
(pierre.drossart@obspm.fr). 


*The VIRTIS-Venus Express Technical Team Eleonora Ammannito**, Alessandra 
Barbis*°, Rainer Berlin2°, Carlo Bettanini*’, Angelo Boccaccini**, Guillaume 
Bonnello??, Marc Bouyé?°, Fabrizio Capaccioni*", Alejandro Cardesin?', Francesco 
Carraro*’, Giovanni Cherubini?°, Massimo Cosi*?, Michele Dami2°, Maurizio De 

ino?2, Davide Del Vento“, Marco Di Giampietro’, Alessandro Donati2°, Olivier 
Dupuis?°, Sylvie Espinasse*", Anna Fabbri2°, Agnés Fave?°, lacopo Ficai Veltroni2°, 
Gianrico Filacchione*', Katia Garceran®°, Yamina Ghomchi?°, Maurizio Giustizi7°, 
Brigitte Gondet?’, Yann Hello*°, Florence Henry2°, Stefan Hofer??, Gerard 
Huntzinger?°, Juergen Kachlicki2°, René Knoll®°, Driss Kouach*°, Alessandro 
Mazzoni*°, Riccardo Melchiorri2°, Giuseppe Mondello?°, Francesco Monti=, Christian 
eumann?’, Fabrizio Nuccilli2®, Jér6me Parisot?°, Claudio Pasqui>, Stefano Perferi2®, 
Gisbert Peter?®, Alain Piacentino°, Carlo Pompei”, Jean-Michel Réess°°, Jean-Pierre 
Rivet?°, Antonio Romano2°, Natalie Russ*°, Massimo Santoni2°, Adelmo Scarpelli2°, 
Alain Sémery*°, Alain Soufflot??, Douchane Stefanovitch?°, Enrico Suetta?’, Fabio 
Tarchi?°, Nazzareno Tonetti*°, Federico Tosi® & Bernd Ulmer?° 


Affiliations for participants: “4INAF-IFSI, 00133 Rome, Italy. ?°Galileo Avionica, Florence, 
50013, Italy. 2°-DLR, 12489 Berlin, Germany. ?’Universita di Padova, 35131, Italy. 
28INAF-IASF, 00133 Rome, Italy. 77IAS Orsay, 91405, France. 2°LESIA, Observatoire de 
Paris, France. ?'ASI Rome, 00198, Italy. >*Techno System Developments, Naples, 80078, 
Italy. ??>Kayser Threde, Munich, 81379, Germany. 


645 


©2007 Nature Publishing Group 


nature 


LETTERS 


Vol 450|29 November 2007|doi:10.1038/nature05974 


A warm layer in Venus’ cryosphere and high-altitude 
measurements of HF, HCI, H2O0 and HDO 


Jean-Loup Bertaux’””, Ann-Carine Vandaele®, Oleg Korablev’, E. Villard’””, A. Fedorova*, D. Fussen’, 
E. Quémerais'’*”, D. Belyaev*, A. Mahieux’, F. Montmessin’°, C. Muller’, E. Neefs®, D. Nevejans®, V. Wilquet®, 
J. P. Dubois’*”°, A. Hauchecorne’””, A. Stepanov*”, |. Vinogradov’, A. Rodin*’” & the SPICAV/SOIR team* 


Venus has thick clouds of H,SO, aerosol particles extending from 
altitudes of 40 to 60 km. The 60-100 km region (the mesosphere) is 
a transition region between the 4 day retrograde superrotation at 
the top of the thick clouds and the solar—antisolar circulation in 
the thermosphere (above 100 km), which has upwelling over the 
subsolar point and transport to the nightside’*. The mesosphere 
has a light haze of variable optical thickness, with CO, SO,, HCl, 
HF, H,O and HDO as the most important minor gaseous consti- 
tuents, but the vertical distribution of the haze and molecules is 
poorly known because previous descent probes began their mea- 
surements at or below 60 km. Here we report the detection of an 
extensive layer of warm air at altitudes 90-120 km on the night side 
that we interpret as the result of adiabatic heating during air sub- 
sidence. Such a strong temperature inversion was not expected, 
because the night side of Venus was otherwise so cold that it was 
named the ‘cryosphere’ above 100km. We also measured the 
mesospheric distributions of HF, HCl, H,O and HDO. HCl is less 
abundant than reported 40 years ago*. HDO/H,0 is enhanced by a 
factor of ~2.5 with respect to the lower atmosphere, and there is a 
general depletion of H.O around 80-90 km for which we have no 
explanation. 

The use of solar (at the terminator: the circle on the planet that 
separates the day side from the night side) and stellar occultation 
technique (at night), applied for the first time to the atmosphere of 
Venus with the SPICAV/SOIR spectrometers on board the Venus 
Express spacecraft, allows us to measure the atmospheric transmis- 
sion and to derive information about the vertical structure and com- 
position of the 60-140 km region. In this region, many processes 
(transport, chemistry, temperature, aerosols condensation and evap- 
oration) govern the three-dimensional distribution of haze and 
chemical species. In the ultraviolet range (110-310nm) of the 
SPICAV ultraviolet spectrometer (a copy of the SPICAM ultraviolet 
instrument in orbit around Mars’), the most important absorbers 
are CO, (the main Venus atmospheric constituent) at 7 < 200 nm, 
and aerosol particles of the haze layer at all wavelengths. The CO, 
local density and temperature profiles are derived by assuming that 
the atmosphere is in hydrostatic equilibrium* (Supplementary 
Information). 

On Fig. | are represented the temperature profiles obtained during 
six stellar occultations performed on the night side. They are com- 
pared to previous and scarce measurements®”’. All our new profiles 
show a large temperature excess (30-70 K) with respect to previous 
measurements, peaked around 100km. The altitude range 100- 
150km has largely been unexplored up to now—the upper limit 


for infrared soundings and radio occultation is ~100 km, descent 
probes have so far measured below this range, and drag measure- 
ments are made above 150 km. Occultation measurements can probe 
this region efficiently, allowing the discovery of this hot atmospheric 
layer. Orbits 95, 96 and 98 have similar profiles, while orbits 102, 103 
and 104 have the same kind of profiles, but with an even higher 
maximum temperature. These three orbits are much closer to the 
anti-solar point (solar zenith angle, SZA = 167-170"). 

We interpret this newly found temperature peak to be caused by 
adiabatic (or diabatic) heating during air subsidence near the anti- 
solar point, as the end result of the solar—antisolar circulation pattern 
suspected to exist in the thermosphere (100-200 km) from the day 
side to the night side. Such heating was not well predicted by current 
circulation models, although there was evidence of day-to-night 
transport and downward vertical transport on the night side: the 
emission of NO ultraviolet delta and gamma bands already observed 
by Pioneer Venus'®!', and O, emission at 1.27 um discovered from 
the ground” (also well detected with VIRTIS/VEX"*). These emis- 
sions occur when O and N atoms (produced by solar extreme- 
ultraviolet photo-dissociation of N, and CO, on the day side at 
100-120 km) recombine in the night side. However, modelling of 
NO ultraviolet emission'’* described N and O atoms as being trans- 
ported vertically downwards through the CO, background gas by 
eddy diffusion (turbulence). 

In such a description, the CO, background gas does not move 
vertically, and therefore experiences no adiabatic heating. Our 
observations indicate rather that N and O atoms are advected 
downwards with the CO, background gas during its descent. Such 
a vertical atmospheric motion is an essential ingredient of the 
solar—antisolar circulation pattern, which may influence the beha- 
viour of the whole mesosphere, because it implies a compensating 
upwelling on the day side. The descent velocity may be estimated, 
given that at temperature T= 165 K the night-time infrared cooling 
rate is about 100K per day (ref. 2). Assuming a T* dependence, it 
would amount to 377 K per day for a temperature of 230 K as mea- 
sured here near the anti-solar point. This cooling rate can be com- 
pensated by an equal adiabatic heating rate, corresponding to a 
descent velocity V=0.43ms ', using the relation dT/dt= —I'V 
where f is time and J’ is the adiabatic lapse rate (about 10 Kkm'; 
ref. 15). The negative temperature gradient in the layer at 100- 
120km is on average equal to —5 Kkm™! for orbit profiles 102 to 
104 and locally reaches values near the adiabatic lapse rate. This 
suggests that the layer at 100-120 km is dynamically nearly unstable 
and that turbulence may occur, inducing a downward heat flux by 
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Figure 1| Night-side temperature of Venus atmosphere. The mesopause 
may be defined at 90 km of altitude, separating the mesosphere (<90 km) 
from the lower thermosphere (>90 km). Solid thick curves, obtained by 
stellar occultations on the night side from Venus Express (this work), are 
compared to previous measurements. The blue squares were obtained 
during the descent of the Pioneer Venus night-side probe. The thin solid line 
shows sub-millimetre observations from a ground-based radio-telescope, 
Venus disk integrated’. The dashed line shows millimetre observations from 
a ground-based radio-telescope, Venus disk integrated’. The thick dotted 
line was obtained from a radio-occultation of the Magellan orbiter’, at a SZA 


mixing of potential temperature and a reinforcement of the peak 
temperature. 

This is the first time that a temperature inversion is so clearly 
identified at this altitude in the night-side atmosphere of Venus. 
However, there is a hint of temperature inversion in previous data 
at their maximum altitude soundings: a 2-4 K increase from 95 to 
100 km in infrared spectra®, and a 10 K increase from 90 to 100 km in 
the radio-occultation profile of Magellan’ taken at a SZA of 109°. We 
note that, in our profiles, the higher (the nearer to the anti-solar 
point) is the SZA, the higher is the temperature maximum, this trend 
being confirmed on the low side of the SZA by Magellan (which has 
an excellent vertical resolution and sampling). Whether our new hot 
profiles are sporadic and patchy, or are permanent and large-scale 
features (having escaped detection before) will be clarified by future 
Venus Express measurements. 

Hydrogen-bearing molecules (HCl, HF, H,O and HDO) are bro- 
ken by solar ultraviolet in the altitude range 80-120 km, and their 
abundance in the mesosphere is relevant to the ultimate escape rate of 
H, and possible evolution of the Venus atmosphere. HCl and HF 
were discovered in 1967 (ref. 3). More recently, the abundance of 
HDO (ref. 16) and HO (ref. 17) above cloud top were found to 
experience large time variations (by a factor of 30), even when the 
measurements were averaged over the whole disk of Venus, with no 
explanation as yet. Almost nothing is known about the vertical profile 
of these species, although it is essential for modelling of H escape. A 
new compact high-spectral-resolution infrared instrument, called 
Solar Occultation in the InfraRed (SOIR)'* was implemented on 
Venus Express as an extension of SPICAV, to measure the vertical 
distribution of hydrogen-bearing species in the range 60-110 km by 
the technique of solar occultation at terminator (see the Supple- 
mentary Information). SOIR is a new type of spectrometer, with an 
echelle spectrometer associated to an acousto-optical tunable filter 
for wavelength domain selection, measuring the solar spectrum 
and the atmospheric transmittance (Fig. 2) in the infrared region 


of 109°. This single measurement shows an increase of temperature at 
altitudes above 85 km, similar to the ones seen in this work, but less 
pronounced. The SPICAV error bars (1c) are indicated for orbit 95 (green) 
and are typical of the errors for the other curves. The two groups of 
measurements were taken at latitude 39° N (local time ~21:00 h, 

SZA = 121-124") for orbits 95, 96, 98 and latitude 4° S (local time ~23:20 h, 
SZA = 167-170°) for orbits 103, 103 and104. The orbit is 24h long. There is 
a clear pattern for the value of the maximum temperature (90-100 km), 
increasing with the SZA, as emphasized in the bottom left plot (the point at 
SZA = 109° is from Magellan). 
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Figure 2 | Typical evolution of atmospheric spectral transmittances through 
one solar occultation observed by SOIR spectrometer. It is obtained by 
determining the ratio of the solar spectrum seen through the Venus 
atmosphere to the unattenuated solar spectrum measured above the 
atmosphere, at high spectral resolution and a 3 to 6 km altitude sampling. At 
the beginning of the series, the light path does not cross the atmosphere. No 
absorption signatures are present and transmittances are equal to unity. As 
the sun sets, the light path goes deeper and deeper into the atmosphere, and 
two absorption processes take place: the overall signal decreases owing to 
extinction by aerosols, and gaseous absorption signatures appear. At the end, 
the light path crosses the cloud layer located at an altitude around 60 km above 
the Venus surface (at 6,051.5 km radius) and light is no longer transmitted. 
This solar occultation was collected on 26 November 2006 during a sunset. 
The selection of a spectral interval is achieved through the acousto-optical 
tunable filter, tuned in this case to the 2,703.5—2,727.5cm ! spectral range. In 
this particular range, the main absorption lines are from HDO (a trio of lines 
indicated by arrows), and other features are from weak CO, spectral lines. 
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(2.2-4.3 um) at a resolution of 0.15cm™!. At present, using it, 
absorption structures of CO,, HyO, HDO, CO, HCL and HF have 
been observed with certainty. 

Retrieval of the vertical distribution of the various species is done 
by comparing the observed transmittance spectra to a full forward 
model simulation’. Some results of this best-fit exercise are shown in 
Fig. 3 for HF and HCl. The abundance of HF measured below the 
clouds”® at 0.005 + 0.002 p.p.m. agrees with other measurements”! 
corresponding to altitudes above 72 km (0.0065 + 0.0003 p.p.m.). 
Our SOIR-measured values (0.001 to 0.003 p.p.m. at 75-85 km) are 
significantly lower (by a factor of 3). 

At altitudes between 15 and 30 km, lower than those probed by the 
SOIR instrument, an HCl mixing ratio of 0.5 +0.15 p.p.m. was 
obtained in 1989 (ref. 20) while a similar value of 0.6 + 0.12 p.p.m. 
was found? in 1967 above the clouds (60 km). The abundances of HCl 
obtained from the SOIR measurements during the occultations of 
orbits 136 and 247, shown in Fig. 3a, are slightly different from each 
other (by a factor of ~1.5 at 70-75 km), and are lower than values 
reported in the literature (factor of 4 to 6): 0.1 + 0.03 p.p.m. for orbit 
136 and 0.17 + 0.03 p.p.m. for orbit 247, both at 70-75 km. Current 
models of photochemistry of the atmosphere of Venus above the 
clouds” are assuming a value of 1 p.p.m.v. of HCl for this very active 
component and should be revised accordingly. Another possible 
explanation of our low values is that the solar occultation probed a 
high latitude, where thermospheric air depleted in HF and HCl 
(because of photo-dissociation at high altitude) may be spiralling 
down the polar vortex, along the descending branch of the 
Hadley’s cell whose up-leg is at the subsolar point (Y. L. Yung & R. 
T. Clancy, personal communication). 

Figure 4a shows retrievals of H,O and HDO mixing ratios 
obtained simultaneously with the acousto-optical tunable filter 
sequence alternating between the H,O spectral window and the 
HDO window, and with a window also dedicated to CO, retrieval. 


a HCl b HF 


Orbit 114 


Altitude (km) 


r r r : T T 60 T T r r 
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Vertical mixing ratio (p.p.m.) Vertical mixing ratio (p.p.m.) 
Figure 3 | HF and HCI mixing ratio vertical profiles retrieved from SOIR 
occultations. The mixing ratios are computed from the density retrievals of 
HE and HCL, divided by the CO, density retrieved from CO, absorption 
lines. The number of the orbit analysed is indicated on each graph. a, Two 
HCI profiles are compared, taken at orbit 136 (4 September 2006) and 247 
(24 December 2006). They are somewhat different in the range 70-75 km of 
altitude, and the mixing ratio seems to increase slightly with altitude in both 
profiles. Error bars are 1o. The amount of HCl is much less than is assumed 
in the photochemistry models (1 p.p.m.), and less than 0.6 + 0.12 p.p.m. 
reported above the clouds’, even after revision of this measurement to 
0.42 + 0.07 p.p.m. (ref. 28). The vertical bar represents a constant volume 
mixing ratio of 0.5 p.p.m., as an average of the two derivations*** from 1967 
observations. b, The HF (hydrofluoric acid) volume mixing ratio SOIR 
profile at orbit 114 (13 August 2006) is somewhat lower by a factor of ~3 
than a previous measurement corresponding to altitudes above 72 km 
(vertical bar). 


648 


NATURE]|Vol 450|29 November 2007 


The three profiles were obtained over 18 days, at a high north latitude 
(80-75°) terminator. HO is at 0.3-1 p.p.m.v, an intermediate value 
within the very large range of 0.1 to 4 p.p.m.v reported from previous 
measurements by different techniques’®”” at various times. At vari- 
ance, our three vertical profiles show little time variability in this 
limited sample. There is a marked depletion of H,O in the range 
80-90 km, for which we have no explanation yet, other than noting 
that this altitude range coincides with the mesospheric minimum 
temperature and the top of the haze layer. For H,O, there is no abrupt 
decreasing at high altitudes (up to 110 km), which would be a sign of 
local condensation. 

The HDO/H,0O ratio profiles (Fig. 4b) are quite similar. At the 
lower boundary of our measurements (70 km), the HDO/H;0 ratio 
is ~0.1 with an error bar (lo) exceeding 50%, which encompasses 
the value of 0.05 measured in the bulk atmosphere at lower alti- 
tudes**?**> (to be compared to the Earth’s value of 1/3,000). 
Although we could have expected a decrease of this ratio with 
increasing altitude because of preferential condensation of HDO”, 
the trend is instead an increase in the HDO/H,0 ratio, up to a value 
of 0.12, about 2.5 times the bulk atmosphere value. Hence, there is no 
effective cold trap preventing the photo-dissociation of HDO in the 
upper atmosphere. The observed bulge of HDO at 90-95 km, above 
the haze and free from extinction of solar flux, might be due to a 
lower photo-dissociation rate of HDO (versus H2O0), as has been 
suggested for Mars from laboratory cross-section measurements”. 

Alternatively, it could be a sign that H atoms are escaping to outer 
space faster than D atoms (because of their larger thermal velocity): D 
atoms left behind in excess will recombine with OH radicals, gen- 
erating a downward flow of HDO. If this interpretation is correct, it 
would be the first indication of this expected differential escape of H 
versus D, acting at present, that could explain the high D/H ratio in 
the present atmosphere of Venus. However, while the present 3 cm 
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Figure 4 | HDO and H20 mixing ratio, HDO/ H20 vertical profiles. Both 
H,O and HDO were measured simultaneously with SOIR during solar 
occultation at orbits 244, 251 and 262 between 70 and 110 km respectively at 
polar latitudes + 85,83,73° (December 2006 to 8 January 2007). Error bars 
are lo. a, HDO slant densities were deduced using absorption structures 
located around 2,722.5 cm! (Fig. 2) and those of H,O from structures in the 
3,832.0-3,852.0cm ! spectral interval. After vertical inversion to obtain 
local densities, they were divided by the CO, density retrieved 
simultaneously from CO; absorption lines to get the volume mixing ratios. 
The less abundant curves are for HDO (the three curves on the left). The 
curves of both isotopes show little variability, but there is an unexplained 
and consistent HO depletion around 85 km. b, The HDO/H,0O ratio vertical 
profiles are compared for the three orbits. While this ratio is 1/3,000 in 
Earth’s sea water, Venus is known to be enriched in HDO by a factor of 150, 
as a result of preferential escape of the lighter isotope H”***”’. The value of 
this ratio in the bulk lower atmosphere is measured to be 0.05, while SOIR 
finds a higher ratio in the whole range 70-95 km. The HDO/H,0 ratio 
increases with altitude, reaching about 0.12 (a factor of 2.5 above the bulk 
ratio). For a tentative explanation of this deuterium-super-enriched layer, 
see text. 
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equivalent liquid of water and D/H ratio ~ 0.025 (enrichment 150) 
would imply a global quantity of water of only 4.5 m depth in the past 
compared to Earth’s 2.8-km-deep ocean (ifthere were no D escape), a 
significant escape of D atoms could largely increase this lower limit. 
The observed presence of HDO in the photo-dissociation region 
indicates that D atoms must be present in the thermosphere, where 
they might suffer non-thermal escape mechanisms, as well as H 
atoms. It is therefore important to quantify the non-thermal escape 
mechanism of H and D atoms. 
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The loss of ions from Venus through the plasma wake 
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K. Brinkfeldt’, A. Grigoriev', M. Holmstrém’, M. Yamauchi’, K. Asamura’, W. Baumjohann*, H. Lammer’, 
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Venus, unlike Earth, is an extremely dry planet although both 
began with similar masses, distances from the Sun, and presumably 
water inventories. The high deuterium-to-hydrogen ratio in the 
venusian atmosphere relative to Earth’s also indicates that the 
atmosphere has undergone significantly different evolution over 
the age of the Solar System’. Present-day thermal escape is low 
for all atmospheric species. However, hydrogen can escape by 
means of collisions with hot atoms from ionospheric photo- 
chemistry’, and although the bulk of O and O, are gravitationally 
bound, heavy ions have been observed to escape’ through inter- 
action with the solar wind. Nevertheless, their relative rates of 
escape, spatial distribution, and composition could not be deter- 
mined from these previous measurements. Here we report Venus 
Express measurements showing that the dominant escaping ions 
are OT, He* and H™. The escaping ions leave Venus through the 
plasma sheet (a central portion of the plasma wake) and in a boun- 
dary layer of the induced magnetosphere. The escape rate ratios are 
Q(H*)/Q(O*) = 1.9; Q(He*)/Q(O*) = 0.07. The first of these 
implies that the escape of H* and O*, together with the estimated 
escape of neutral hydrogen and oxygen, currently takes place near 
the stoichometric ratio corresponding to water. 

Our knowledge of the interaction of Venus with the solar wind and 
its role in the acceleration of ions is based mainly on the long-lived 
Pioneer Venus orbiter mission, which carried a limited plasma ana- 
lyser with low time resolution‘ and an ion-neutral mass spectrometer 
with a restricted energy range of up to ~100 eV (ref. 5). These obser- 
vations identified O~ ions only indirectly, through their energy spec- 
tra. However, they showed that the distribution of escaping oxygen 
ions is controlled by the solar-wind convection electric field, a dis- 
tinctive signature of the ion pick-up process®. The comprehensive 
plasma package on Venus Express comprises an ion mass analyser, an 
electron spectrometer, and energetic neutral atom imagers’. The 
energy range of the charged particle sensors, from 1 eV (measure- 
ments below 10 eV may be affected by the spacecraft potential) to 
15 keV (electrons) and to 36 keV (ions), is well suited for measure- 
ments of plasma escape. The magnetic field data are provided by the 
Venus Express magnetometer®. The polar, highly elliptical orbit, with 


a pericentre of 250-350 km and an apocentre of 66,000 km, is optimal 
for studying the escaping planetary ions because it covers the region 
of the interaction of the solar wind near the terminator and the region 
directly downstream of the planet. 

During pericentre flybys the spacecraft crosses the bow shock, 
where the supersonic solar-wind plasma is heated and deflected, 
and enters the magnetosheath, a region of heated subsonic solar- 
wind flow (Fig. la). The magnetic field properties of these regions 
are treated in another paper in this issue’. Then the spacecraft pene- 
trates the induced magnetosphere boundary, where the solar-wind 
flux drops and the planetary ions O*, He* and H* appear (Fig. le-g). 
These three ion species are reliably identified on all orbits, predomi- 
nantly in the plasma sheet (Fig. 1b), a region separating the two lobes 
of the induced magnetotail possessing opposite magnetic field direc- 
tions. In the magnetic field data the plasma sheet is readily identified 
by the change in the sign of the magnetic field component along the 
Venus—Sun line (B,) and a decreased field magnitude (Fig. 1c). A 
plasma sheet should contain plasma whose thermal pressure balances 
the magnetic pressure from the surrounding lobes. In particle data it 
is most readily identified by the increase in the electron fluxes 
(Fig. 1d). The plane of the plasma sheet is aligned with the electric 
field formed from solar-wind convection around the planet (Fig. 1b). 
The O*, He* and H™ ions of planetary origin are also found close to 
the induced magnetosphere boundary but at a much lower energy 
(around 7:20 and 8:10 uT in Fig. 1). 

Whereas the O~ ions can only be of planetary origin, He* ions 
may originally have been solar-wind «-particles having undergone 
recombination, and the H* ions could also be solar-wind protons. 
However, the identical shapes of their energy spectra and similar 
spatial distributions confirm the planetary origin of these ion species. 
Inside the plasma sheet the ions have different energies, in accordance 
with their masses (Fig. 2). In the +Zy,- hemisphere (Vse being the 
Venus-solar-electrical coordinate system), ~0.5-1.0-keV O* ions 
are separated from the 100-200-eV He” ions, whereas the H* ions 
with energies below 100 eV fill both sides (+ Yy.-e and — Yyse) of the 
plasma sheet (Fig. 2b, c). At the induced magnetosphere boundary, 
all three components have an energy below 50 eV (Fig. 2d). 
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Figure 2 | Composition and energy distribution of the escaping plasma in 
three spatial regions. a, The regions labelled by c and d where energy-mass 
matrixes were collected in the Vse coordinate system (see legend to 
Supplementary Fig. 2). b-d, The energy—mass matrixes accumulated over 33 
orbits during the period from 2006 May 18 to 2006 December 30 and 
collected in regions b-d in panel a, showing a plasma sheet matrix for the + Y 
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Figure 1| Venus Express orbit, and plasma and magnetic field 
measurements on 2006 December 12. a, The Venus Express orbit in 
cylindrical coordinates, with x pointing towards the Sun, and R being the 
distance to the x axis (in Venus radii, Ry = 6,051 km). The green lines are the 
averaged” positions of the bow shock (BS) and induced magnetosphere 
boundary (IMB)”’, and the red line is the Venus Express orbit. b, The Venus 
Express orbit in the Venus—solar—electrical coordinate system (Vse). In this 
system x points to the Sun, and z is in the plane containing the convection 
electric field E= —V,,, X B (where V,y is the velocity of the solar wind, B is 
the interplanetary magnetic field and X denotes the vector cross product); y 
completes the orthogonal coordinate system. The plasma sheet (PS) is 
identified by the grey area. The direction of the convection electric field is 
labelled E. c, The magnetic field magnitude (red line) and B, component 
(blue line). d-g, Energy-time spectrograms for electrons (d), O* ions 

(e), He” ions (f) and protons (g) (see legend to Supplementary Fig. 1). 
Venus Express crosses the IMB at 7:02 UT, passes the PS at 7:34 UT and enters 
the magnetosheath again at 8:08 ur. The pick-up O” ions in the 
magnetosheath at about 7:13 ut are bounded by a dashed rectangle. E/q, 
energy/charge. 


At Venus the ion acceleration occurs by three mechanisms: by ion 
pick-up (that is, by acceleration in the convection electric field), by 
instabilities at the induced magnetosphere boundary resulting in 
detached plasma clouds", and by polarization electric fields at low 
altitudes in the night-side ionosphere” where the field is nearly 
radial. 

We observed two different populations of the accelerated plan- 
etary ions, namely ions escaping through the plasma sheet and ions 
escaping through the induced magnetosphere boundary layer. The 
energy distributions of these two populations are different. The ratio 
of the O*/He*/H* energies in the plasma sheet is about 4:2:1 (Fig. 2b, 
c). The ion energy is therefore a function of mass. That points to ion 
pick-up as an acceleration mechanism in the plasma sheet, in general 
agreement with the previous simulations for O* (ref. 12). However, 
ordinary pick-up would result in a 16:4:1 ratio of the O*/He*/H* 
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lobe (b), a plasma sheet matrix for the — Y lobe (€), and a matrix for the IMB 
layer (d). Vertical axes are energy/charge (E/q), the horizontal axes are the 
position of the ion impact on the detector (a sensor mass ring, R,,,), and the 
colour codes the counts that were accumulated over all directions and 
averaged over occurrences. The red lines represent constant mass. 
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energies. The difference may be due to species-dependent assimila- 
tion into the plasma flow. The ion pick-up process also operates, for 
example, in the magnetosheath region, in general agreement with the 
previous simulations for O* (ref. 12). See a clear example of 7-8-keV 
O* ions at 7:15 ur in Fig. le and 700-800-eV He” ions in Fig. 2d. The 
acceleration of the low-energy ions (<50 eV) detected at the induced 
magnetosphere boundary (Fig. 2d) is possibly due to a polarization 
electric field’’ resulting from the magnetic pressure gradient and the 
gravitational separation of ions and electrons along draped, stretched 
magnetic field lines. Because of the low plasma velocity in the bound- 
ary layer close to the induced magnetosphere boundary, the convec- 
tion electric field is low and the accelerated ionospheric ions move 
away from the planet along magnetic field lines in a manner similar to 
that of the polar wind on Earth. 

It is an open question whether the low-energy (<50-eV) ions 
detected at the induced magnetosphere boundary near the termin- 
ator might instead be related to the plasma clouds observed at the 
ionopause by the Pioneer Venus orbiter’®. All of the atmospheric ions 
moving downstream are accelerated and their original morpho- 
logical features disappear. However, for escape rate calculations their 
exact origins are not important as soon as the main escape region has 
been covered. The orbital scan through the induced magnetosphere 
does indeed show that it is inside the wake that we observe the highest 
fluxes of ions (Fig. le-g). 

The ion escape considered here occurs through two main regions: 
the plasma sheet and a boundary layer at the induced magnetosphere 
boundary. These areas are labelled PS and BL in Fig. 3. As expected, 
the alignment of the plasma sheet plane and the ion energy are con- 
trolled by the electric field. Ions of higher energies are in the +E 
hemisphere and ions of lower energies in the —E hemisphere. All 
three species show similar spatial distributions, confirming that both 
H* and He” are indeed of planetary rather than solar-wind origin. 

The escape rates for each species, namely Q(O*), Q(He*) and 
Q(H*), are obtained by integrating the flux over Yyse and Zysc. 
Although the spatial coverage is still not sufficient to obtain the total 
average escape rate, one can obtain reliable flux ratios. These are 
Q(H*)/Q(O*) = 1.9 and Q(He*)/Q(O*) = 0.07. 

The escaping plasma consists primarily of HT and O* ions with 
some admixture of He*. The measured composition differs signifi- 
cantly from the plasma composition in the ionosphere at an iono- 
pause altitude of 300 km for solar minimum conditions’*, where the 
respective number-density ratios are n(H~)/n(O*)=0.1 and 
n(He* )/n(O*) = 4 X 107°. The enrichment of the escaping plasma 
in light species may result from two causes: first, an ion pick-up 
process operating primarily at higher altitudes, 600-700 km, in which 
the densities of light species are increased with respect to heavier 
ions’; and second, acceleration by the polarization electric field 
increasing the flux of lighter ions with respect to heavier because 
lighter ions gain higher velocities for the same energy. 

The ratio of the escape rates of hydrogen and oxygen is a critical 
parameter in understanding both the dryness and the oxidation state 
of the venusian atmosphere’’. Because the main source of hydrogen 
in the upper atmosphere of Venus is water vapour’®, two escaping 
hydrogen atoms would leave one oxygen atom in the atmosphere. 
Therefore, if the ratio of the escape rate of hydrogen to that of oxygen 
is greater than the stoichiometric ratio 2:1, there must be other sinks 
of oxygen, such as surface oxidation. 

The measured ratios concern only ions and do not include the 
escape of the respective atoms. There are two processes that could 
remove neutral hydrogen and oxygen from the atmosphere to space: 
loss due to exogenic photochemical and charge-exchange reactions, 
and atmospheric sputtering. Photochemical and charge-exchange 
reactions result in a loss of hydrogen at a rate of 50% of the H* loss". 
Atmospheric sputtering results in an oxygen loss at a rate of 25% of 
the O* loss'*. Scaling the measured ratio Q(H™)/Q(O*) = 1.9 to 
account for the neutral losses, we arrive at a ratio for the total (neutral 
atoms plus ions) loss of 2.2:1, very close to the stoichiometric value 
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2:1. Some excess H™ is due to solar-wind protons, which may pen- 
etrate through the induced magnetosphere boundary in small 
amounts and contribute to the measured H™ flux in the boundary 
layer. That the present escape of hydrogen and oxygen through the 
wake takes place in the stoichiometric ratio of water implies that the 
atmosphere of Venus did not change its oxidation state after steady- 
state conditions had been reached, in contrast with that of Mars!’. 
This result is thus consistent with the suggestion from atmospheric 
and ionospheric observations on the Pioneer Venus orbiter’’ that 
Venus loses the constituents of water in a ratio that maintains the 
system’s oxidation state. 
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Figure 3 | Spatial distribution of the escaping plasma. The measured O* 
(a), H* (b) and He™ (c) flux distributions in the tail region from 33 orbits 
were integrated over Xy,- [—0.5, —3.0] and are shown in a Yy,.—Zyse plane 
across the tail. The geometrical eclipse of Venus is shown by the thin grey 
circle. To ensure that no solar-wind protons affect the mass composition 
measurements inside the IMB, we restrict the area of the analysis to 
R<1.2Ry. Blank circles show measurements with zero flux. The flux scale 
for He” is tenfold lower than those for O* and H~. The plasma sheet region 
is identified by red dashed lines and labelled PS, the boundary layer at the 
IMB is identified by black dashed lines and labelled BL, and the direction of 
the convection electric field is labelled E. 
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The absolute escape rates, including the implications for long-term 
water evolution, will be determined later. However, the initial 
analysis gives the reliable lower limit of 10°°s | for the escape of 
H* through the plasma wake. Measurements with the Pioneer 
Venus orbiter’s ion and neutral mass spectrometer’* and models of 
the observed tail magnetic and plasma structure’’ have inferred that 
there may be copious escape in the wake region. Evidence for hydro- 
gen loss through the pick-up process outside the induced magneto- 
sphere is also seen on Venus Express (M. Delva, personal 
communication) but the estimated rate of 2 X 10**protonss’ | is 
much lower than that through the wake. Venus therefore loses its 
water through the plasma wake. 

The observed high relative abundance of He™ in the escaping 
plasma from Venus is surprising. At Mars He® is not detected in 
amounts comparable to the O~ flux”. The calculated helium ioniza- 
tion rates at Mars’! through two channels, photoionization and elec- 
tron impact ionization, scaled to the total area of Venus, give only an 
increase in the escaping rate at Venus of a factor of 3 with respect to 
Mars. The higher abundance of He* may be due to the more effective 
acceleration caused by the polarization field'’. The higher pressure 
gradients associated with the stronger gravitational field on Venus 
results in a higher polarization field that operates over larger dis- 
tances at Venus than at Mars. Thus, whereas the stronger gravita- 
tional field of Venus reduces the Jeans escape of the heavier main 
constituents of the atmosphere, almost paradoxically it facilitates the 
loss of the lighter species. 

The main result of these observations, however, is the establish- 
ment of potentially important ion escape from present-day Venus 
through the plasma wake region. Further observations in this region 
as the solar cycle progresses will establish the variability of these 
escape rates and will improve our ability to infer the history of 
Venus’s water. 
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Little or no solar wind enters Venus’ atmosphere at 


solar minimum 


T. L. Zhang’”, M. Delva', W. Baumjohann’, H.-U. Auster’, C. Carr*, C. T. Russell’, S. Barabash®, M. Balikhin’, 
K. Kudela®, G. Berghofer’, H. K. Biernat', H. Lammer', H. Lichtenegger’, W. Magnes’, R. Nakamura’, 

K. Schwingenschuh', M. Volwerk', Z. V6rés', W. Zambelli’, K.-H. Fornacon’, K.-H. Glassmeier’, |. Richter’, 
A. Balogh*, H. Schwarzl’, S. A. Pope’, J. K. Shi’, C. Wang”, U. Motschmann? & J.-P. Lebreton’? 


Venus has no significant internal magnetic field', which allows the 
solar wind to interact directly with its atmosphere”. A field is 
induced in this interaction, which partially shields the atmo- 
sphere, but we have no knowledge of how effective that shield is 
at solar minimum. (Our current knowledge of the solar wind 
interaction with Venus is derived from measurements at solar 
maximum*”.) The bow shock is close to the planet, meaning that 
it is possible that some solar wind could be absorbed by the atmo- 
sphere and contribute to the evolution of the atmosphere*’. Here 
we report magnetic field measurements from the Venus Express 
spacecraft* in the plasma environment surrounding Venus. The 
bow shock under low solar activity conditions seems to be in the 
position that would be expected from a complete deflection by a 
magnetized ionosphere’. Therefore little solar wind enters the 
Venus ionosphere even at solar minimum. 

Solar activity controls almost every aspect of the Venus plasma 
environment. Venus has no intrinsic magnetic field, so the solar wind 
is expected to interact directly with the upper atmosphere, which is 
partially ionized by solar extreme ultraviolet radiation and energetic 
particles that enter from surrounding space. These change with the 
phase of the solar cycle, as does the solar wind. Although the earlier 
Pioneer Venus Orbiter mission operated over a whole solar cycle, the 
Pioneer Venus Orbiter periapsis was too high (more than 2,000 km at 
solar minimum) to sample the near-Venus plasma environment. 
Since the Venus Express insertion at solar minimum, its periapsis 
altitude has been maintained at 250-350 km, allowing critical in situ 
measurements of the solar wind interaction with the ionosphere. 
Further, the near-polar orbit of Venus Express, with its high latitude 
of periapsis, fills critical gaps left by the Pioneer Venus Orbiter orbital 
sampling bias: the low-altitude region near the terminator (separ- 
ating day and night sides) and mid-magnetotail downstream by 
2-4 Ry (1 Ry = 6,051 km, one Venus radius). Venus Express also 
allows better exploration of the near-subsolar bow shock than did 
the Pioneer Venus Orbiter, whose trajectory did not penetrate the 
subsolar shock region. The Venus Express also has improved instru- 
ment temporal resolution. This increase in resolution enables us to 
study the plasma processes using the dynamic power spectra derived 
from magnetic field data sampled at 32 Hz. 

Several notable features of the interaction can clearly be seen in 
such spectra (Fig. 1). Initially the satellite crosses the bow shock on 
the day side where the magnetic field strength and wave power 
increase (point A). It then moves through the shocked plasma of 
the magnetosheath to the night side where the spacecraft passes 


through closest approach (point C). Upstream waves are obvious 
at frequencies from 0.1 to 2 Hz in the solar wind in front of the 
quasi-parallel shock (Fig. la, far left) but are absent in front of 
the quasi-perpendicular shock (Fig. 1b) where the magnetic field lies 
nearly in the plane of the shock. Such waves can be either locally 
generated by backstreaming particles or generated at the bow shock 
and move upstream. The upstream wave and particle phenomena 
at Venus are generally similar to those at Earth. An example of the 
shock-generated waves seen at both planets are the upstream 
whistlers near 2 Hz, upstream of the quasi-parallel shock. 

The size of the bow shock is largely determined by how completely 
the planetary obstacle deflects the solar wind. During April to August 
2006, we obtained 147 clear crossings (Fig. 2). The best fit to the bow- 
shock location from a solar-zenith angle of 20° to 120° gives a 
terminator bow-shock location of 2.14 Ry, which is 1,600 km closer 
to Venus than the 2.40 Ry at solar maximum!'’* but somewhat 
further than reported by Venera 9 and 10 (ref. 13). The best fit to 
the subsolar bow shock is 1.32 Ry, only 1,900 km above the surface of 
the planet, so we need a quantitative calculation to determine 
whether the solar wind is being partially absorbed by (added to) 
the planetary atmosphere, or is being fully deflected. To do this, we 
compare the altitude of the induced magnetic barrier with the alti- 
tude that would produce the observed location of the shock and 
deflect all the solar wind. 

The induced magnetosphere of Venus consists of regions near the 
planet and its wake in which magnetic pressure dominates the other 
pressure contributions®. On the day side, the magnetic field piles up 
to form a magnetic barrier in the inner magnetosheath. This mag- 
netic barrier acts as an obstacle to the solar wind, in analogy to the 
Earth’s magnetosphere. The magnetic barrier is bounded by the 
ionopause at its lower boundary and a ‘magnetopause’ at its upper 
boundary. Both ionopause and magnetopause extend to the night 
side. The magnetopause on the night side separates the magneto- 
sheath from the magnetotail, which is formed by the anchored, 
draped magnetic fields. The upper boundary of the magnetic barrier, 
the induced magnetopause, had not been previously well-determined 
because of the insufficient temporal resolution of the Pioneer Venus 
Orbiter plasma instrument’. Phobos and the Mars Global Survey 
found that this boundary at Mars is associated with a drop in mag- 
netic wave activity'®'®. The dynamic spectra of Fig. 1 show that the 
Venus magnetosheath behaves similarly. Downstream of both the 
quasi-parallel and quasi-perpendicular shock, these waves are found 
with greater bandwidth behind the quasi-parallel shock. The wave 
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Kiruna, S-98128 Sweden. ‘University of Sheffield, Sheffield S13JD, UK. “Institute of Experimental Physics, Slovakia Academy of Sciences, Kosice, 04353 Slovakia. ’State Key Laboratory 
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Figure 1| Magnetic field measurements during 
pericentre fly-by. Data were obtained on 17 May 
2006 (a) and 21 May 2006 (b). The top panels 
show the field strength By and the bottom panels 
show the dynamic power P spectrum. The x axis 
shows Universal Time in units of hours and 
minutes. The data used for the field time series 
are one-second-averaged data and the dynamic 
power spectra are calculated from the 32 Hz 
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activity drops sharply as the planet is approached, dividing the mag- 
netosheath into two distinct regimes. 
The observed magnetic field in the barrier wraps around the planet 
and applies a pressure gradient force back into the incoming solar 4 


wind, acting to deflect the solar wind. We have used the disappear- 
ance of waves from April to August 2006 to define the outer edge of 
the magnetic barrier, finding 137 clear crossings of this induced 
magnetopause. The orbital geometry of Venus Express means that 
most of the crossings are in the polar region with solar-zenith angle 
from 50° to 110°. The best-fit induced magnetopause (Fig. 2) gives an 
altitude of 1,013km at the terminator and 300 km at the subsolar 
point. Thus the magnetic barrier is significantly lower than at solar 
maximum”. In fact, its upper boundary is the same altitude as the 
lower boundary of the magnetic barrier at solar maximum. We note 
that an earlier such study using a smaller number of Venera 9 and 10 
shock locations at solar minimum concluded that there was a 10% 
absorption”. 

Near the planet the signature is quite different from that seen from 
Pioneer Venus~’. Closer to periapsis, the field remains quiet, indi- 
cating that the spacecraft stays in the magnetic barrier. We do not see 
a drop in field strength indicative of a rise in plasma pressure located 
at the altitude at which the solar wind dynamic pressure is approxi- 
mately balanced by the thermal pressure of the ionospheric plasma. If 
there is a well-defined ionopause in the subsolar region it must be 
below the current periapsis altitude. In fact, Pioneer Venus Orbiter 
radio occultations suggested that the altitude of the ionopause could 
be much depressed during the solar minimum, with an altitude of 
~250 km on the day side’*. We find that the ionosphere is completely 
magnetized and a well-defined magnetotail is formed in the Venus 
night side down to the lowest altitudes probed, 250 km (Fig. 2). 

We can now evaluate the efficiency of the magnetized ionosphere 
in deflecting the solar wind with a quantitative comparison of the 
location of the observed magnetic barrier for models that fit the 
observed bow-shock locations. We use the gas dynamic model as 
described previously’®’? with a ratio of specific heats of 5/3 and a 
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Figure 2 | Bow-shock location and induced magnetopause boundary at 
Venus. Solid circles are the bow-shock crossings and solid line is the best fit. 
The open circles are crossings of the magnetopause of the induced 
magnetosphere and the dashed-then-solid line is the best-fit model to these 
points. The shaded region is the optical shadow. The thin line is the 
trajectory along which arrows whose direction and length are proportional 
to the magnetic field projected in this plane. x is the direction to the Sun; y is 
the direction opposite to planetary motion; and z is northward, 
perpendicular to the orbit plane of Venus. 
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Mach number of 5.5 (the average value for solar minimum) and find 
that the solar wind is completely deflected around Venus: the obstacle 
in the simulation coincides with the top of the observed magnetic 
barrier (288 km), allowing little solar wind addition to the atmo- 
sphere even at solar minimum. The observed magnetic field is 
wrapped around the day side of the planet and it continues to hug 
the shape of the planet on the night side, reversing its direction to 
form a nearly complete torus. The anti-sunward force associated with 
curved magnetic fields in the night ionosphere and near-tail could 
lead to acceleration of plasma, resulting in further loss of the atmo- 
sphere. We await measurements of the plasma velocities in this 
region to confirm this inference and to determine whether these loss 
rates would have a major atmospheric impact when integrated over 
the age of the solar system. 


METHODS 


The Venus Express magnetometer measures the magnetic field vector with a 
cadence of 128 Hz and averages these measurements to lower rates to fit within 
its telemetry allocation. The magnetometer consists of two triaxial fluxgate sen- 
sors. Because Venus Express uses a design inherited from the magnetometer-less 
Mars Express mission, no substantive efforts were made to determine the mag- 
netic cleanliness of the spacecraft and its payload. To obtain scientifically useful 
magnetic measurements in this unfavourable environment, the magnetometer 
has a dual triaxial sensor arranged in a gradiometer configuration. Both sensors 
take measurements simultaneously, to enable separation of spacecraft-generated 
stray field from the ambient field’®. The outboard sensor is mounted at the tip of 
a one-metre deployable boom, while the inboard sensor is directly attached to 
the spacecraft with a separation of 10cm from the top panel of the spacecraft. 
The magnetometer has a dynamic range varying between +32.8nT and 
+8,388.6nT with a corresponding digital resolution from 1 to 128 pT. The 
default range for the outboard sensor is set to +262 nT with a resolution of 
8 pT. The default range for the inboard sensor is +524 nT. A artificial magnetic 
field of £10,000 nT can independently be applied to each sensor for compensa- 
tion of any disturbing spacecraft stray field. The instrument operates continually 
at Venus. After switching on, the magnetometer automatically operates in a 
standard mode with both sensors at a 1 Hz data rate. During a typical science 
orbit, the magnetometer is switched to fast mode at 32 Hz one hour before 
periapsis and switched to standard mode one hour after periapsis. In addition, 
the instrument can operate in a high-resolution burst mode of 128 Hz to detect 
electromagnetic (whistler mode) waves associated with Venus lightning”’. 
Initially, this operating mode was used for two minutes at periapsis. 
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The structure of Venus’ middle atmosphere and 


ionosphere 


M. Patzold', B. Hdusler”, M. K. Bird’, S. Tellmann’, R. Mattei’, S. W. Asmar’, V. Dehant?, W. Eidel?, T. Imamura’®, 


R. A. Simpson’ & G. L. Tyler’ 


The atmosphere and ionosphere of Venus have been studied in the 
past by spacecraft with remote sensing’~ or in situ techniques**. 
These early missions, however, have left us with questions about, 
for example, the atmospheric structure in the transition region 
from the upper troposphere to the lower mesosphere (50-90 km) 
and the remarkably variable structure of the ionosphere. 
Observations become increasingly difficult within and below the 
global cloud deck (<50km altitude), where strong absorption 
greatly limits the available investigative spectrum to a few infrared 
windows and the radio range. Here we report radio-sounding 
results from the first Venus Express Radio Science’ (VeRa) 
occultation season. We determine the fine structure in tempera- 
tures at upper cloud-deck altitudes, detect a distinct day-night 
temperature difference in the southern middle atmosphere, and 
track day-to-day changes in Venus’ ionosphere. 

The atmosphere and ionosphere of Venus were sounded by VeRa 
at 2.3 and 8.4 GHz (the S and X bands, respectively) during the first 
occultation season from mid-July to the end of August 2006. As seen 
from the Earth, the spacecraft disappeared behind the planetary disk 
on every 24-hour orbit during this period’. The radio ray path is 
refracted according to the local state of the atmosphere, the degree 
of refraction being proportional to the electron density (ionosphere) 
or the neutral gas density (atmosphere). The VeRa observations are 
the first to use two simultaneous one-way downlink frequencies dri- 
ven by an Ultrastable Oscillator for radio sounding of Venus’ atmo- 
sphere. This enables observations during both ingress and egress, 
rather than being restricted to ingress (as with the Pioneer Venus 
Orbiter in the majority of cases). Forty-two profiles were obtained 
from 21 occultation passes during the first occultation season (one 
ingress and one egress per pass). These profiles reveal the ionospheric 
structure at altitudes of 100-500 km and the neutral atmosphere in 
the altitude range 50-90 km. Longitudes span the range from 296° E 
to 352° E for the daytime and from 189° E to 251° E for the night-time 
profiles. Additional information on the geometry and coverage dur- 
ing the first Venus Express occultation season, which covers the 
Venus Express orbits numbered 81-131 (2006 day of year: DOY 
192-242), is provided in the Supplementary Information. Details 
on the experiment performance’, the extraction of atmospheric pro- 
files® and results from additional components of the VeRa investiga- 
tion, including the first bistatic radar experiments, are published 
elsewhere. 

To derive the temperature profile, however, we need to know the 
composition of the atmosphere (96.5% CO, and 3.5% N;)’ and the 
assumption of an upper boundary temperature. Figure 1 shows three 
VeRa temperature profiles derived from the same data set taken 
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Figure 1| Temperature profiles from DOY 234, 2006 at latitude 71° N, 
derived with three different upper boundary temperature conditions of 
170, 200 and 230K. Regardless of the upper boundary condition, all three 
profiles converge to the same temperature distribution below 90 km. The 
temperature shows a constant cooling (lapse rate) of —10 K km! within the 
cloud deck below 60 km. The inversion at 62 km marks the tropopause, the 
transistion from the troposphere to the mesosphere. On average, the 
temperature is isothermal (233 K) within the upper cloud deck up to 75 km, 
but displays significant fine structure, a series of small inversions, with 
amplitudes larger than the measurement error. Above 75 km, the cooling 
rate observed above the transition is —7.6 Kkm | up to 80 km altitudes and 
then drops to —3.5 Kkm ' above this height. 
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Figure 2 | Venus temperature height profiles from VeRa radio-sounding 
observations. Four temperature profiles are shown from occultation ingress 
at southern mid-latitudes (a) and egress at northern high polar latitudes 
(b). Reliable measurements of the received radio signal are not available at 


during occultation egress on 2006 DOY 234 at northern polar latitudes 
with three different upper boundary temperatures. Regardless of the 
particular upper boundary temperature selected, all three profiles 
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altitudes below about 50 km. The profiles are well determined below 90 km. 
Temperature inversions are detected at altitudes from 60 to 70 km. This 
inversion range (boxed area) occurs within the cloud deck and is more 
confined in the mid-latitudes (65-69 km) than at the poles (63-74 km). 


converge rapidly into the same temperature profile, providing con- 
fidence in the reliability of the temperature determination below 
90 km. The sensitivity of VeRa extends the atmospheric profiles to 
higher altitudes, thus providing better continuity to the lower bound- 
ary of the Venus Express instrument SPICAV’s atmospheric obser- 
vations®. Figure 1 typically reveals the fine-scale thermal structure 
in the transition region from the upper troposphere to the lower 
mesosphere within the upper cloud deck. The Venus atmosphere 
reaches the one-bar pressure level at an altitude of about 50km. 
Below this height, the radio signals also suffer significant absorption 
by the gas and cannot be used to sound the atmosphere at all below the 
super-refractive limiting height of about 35 km (ref. 9). 

Figure 2 shows examples of temperature profiles derived from 
ingress (Fig. 2a) and egress (Fig. 2b) measurements. A decrease in 
temperature with increasing height (lapse rate, —10Kkm7') is 
found below an altitude of 60—65 km. Above this level is a region 
of thermal inversions—a series of warmings and coolings within the 
range of altitudes attributed to the upper cloud deck. The series of 
inversions is constrained by two sharp lower and upper boundaries 
below 65 km and above 70 km, respectively, where again a clear cool- 
ing trend is observed. The distance between these boundaries is larger 
by a factor of three in the polar latitudes (Fig. 2b) than in the equat- 
orial to mid-latitudes (Fig. 2a). The lower inversion is more pro- 
nounced in the polar latitudes and increases in altitude towards 
lower latitude, consistent with a convergence to the profiles seen in 


Figure 3 | Venus temperature maps derived from VeRa radio occultation 
data. Contours (in K) are generated using all available temperature profiles 
in the southern latitude range from 0° to 90° for the dayside (a, 50° < solar 
zenith angle < 90°) and nightside (b, 90° < solar zenith angle < 115°) of 
Venus. The range in altitude is from 55 to 90 km. The daytime temperature 
increases by about 30—40 K from the southern pole to the equator at altitudes 
below 60 km. This contrasts with the roughly constant night-time 
temperature below 60 km. The inferred result is a day-night equatorial 
temperature difference that reaches about 40 K at 55 km altitude. The “cold 
collar”, a temperature depression encircling the pole in both hemispheres”, 
is clearly observed on both the dayside and the nightside between 60° and 80° 
latitude at 63 km altitude. The collar extends to 40° latitude during the night 
in the southern hemisphere. 
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Fig. 2a. Although, on average, the temperature is roughly isothermal 
within these two boundaries at an average neutral scale height of 
5.2 km, the series of inversions implies a thermal fine structure within 
the upper cloud deck never before seen with the clarity that is best 
exemplified in Fig. 1. Similar inversion behaviour was observed with 
the Pioneer Venus Orbiter’, but was much more pronounced at polar 
latitudes than was observed with Venus Express. 

All ingress profiles from the southern hemisphere are combined 
together in the contour plots of Fig. 3. Significant differences are found 
between the daytime and night-time temperature distributions (a 
colour plot of Fig. 3 is provided in the Supplementary Information). 

As an example, Fig. 4a shows an electron density profile from the 
ionosphere from 2006 DOY 196, observed in the equatorial region at 
15:20 local time and a solar zenith angle of 50°. The noise level of 
the retrieved ionospheric profiles is ~2 X 10? m~*, which is 0.5% of 
the peak electron density. The VeRa ionospheric profiles are thus 
of the same high quality as those from the most recent Venus mission, 
Magellan"®. We can readily identify the bottom and main layers, V1 
and V2, respectively. Although the primary ionization product is 
CO," generated by photoionization of solar extreme-ultraviolet 
and soft X-rays, the main constituent of the V1 and V2 layers is 
03°, formed by rapid molecular reactions of CO,* with atomic 
oxygen!'. The O ion becomes important and controls the density 
above 180 km potentially in its own layer, V3 (ref. 11). The majority 
of electron density profiles display a bulge in the topside between 160 
and 180 km that is not documented in theoretical models of ion and 
electron production". 

Figure 4b shows a collection of daytime electron density profiles. 
Large variations can be seen in the topside density distribution at the 
same time that the lower V1 and V2 layers are relatively stable, with 
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Figure 4 | Daytime electron density profiles in the ionosphere of Venus. 
a, The main features of a Venus ionospheric electron density height profile 
derived from the VeRa occultation data. This ingress example of 15 July 2006 
(DOY 196), derived from simultaneous Doppler recordings of the occulted 
2.3 and 8.4 GHz signals and from the associated differential Doppler data 
calculated from both sets of measurements, shows the ionosphere at solar 
zenith angle 50°, local time 15:20 and latitude —4.7°. The differential 
Doppler data are sensitive only to changes in the ionized medium along the 
radio propagation path—in this case, primarily in the Venus ionosphere. 
This profile is essentially identical with those derived from the X-band or 
S-band data sets alone, providing confidence in the quality of the derived 
electron density profiles even from single-frequency Doppler data. Electron 
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peak densities close to those expected for the solar minimum condi- 
tions of summer 2006 (ref. 12). A smaller peak density is observed 
for the profile on DOY 212 at high solar zenith angle. The base of 
the daytime ionosphere is stable at an altitude of 120 km. The peak 
density altitude of V1 at about 140 km marks the altitude where the 
soft X-ray intensity has decreased by e~'; radiation from the broad 
X-ray spectrum penetrating deeper into the atmosphere does not 
produce detectable ionization below 120 km. 

The ionopause, the distinct boundary between the solar wind 
flow and the planetary ionosphere, is present in the altitude range 
225-375 km. These are quite typical for the applicable range of solar 
zenith angles near the solar activity minimum'””’. The location is 
clearly defined by the strong electron density drop into the noise level 
towards higher altitudes. The four profiles of Fig. 4b cover a time 
interval of two weeks. While the ionopause heights on DOY 196 and 
200 are nearly the same, the height is almost 100 km higher on DOY 
202. Ten days later the ionopause returned to its previously lower 
level. This may imply that the balance between the solar wind 
dynamic pressure and the ionospheric plasma pressure was stable 
over many days, but then changed significantly from one day to 
another. It is remarkable that all profiles display roughly the same 
electron density gradient near the ionopause—falling into the noise 
over an altitude range of about 30 km. 

The ionosphere was also sounded on the Venus nightside (Fig. 5). 
We distinguish in this case between profiles from the ‘deep’ night 
with solar zenith angles greater than 98° and those close to the ter- 
minator (solar zenith angle ~ 90-98"). Profiles from the deep night 
vary in character, sometimes showing significant unstructured 
ionization, while at other times no ionization can be detected. This 
is consistent with Pioneer Venus Orbiter results during solar 
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density layers are identified as the secondary and main layers V1 and V2, 
respectively. A V3 region is formed above 180 km controlled by the O* ion". 
A bulge in the topside between 160 and 180 km altitude (arrow) is apparent 
in the majority of the observed daytime profiles, and is not explained by 
models of the Venus ionosphere. The ionopause is located between 250 and 
275 km in this example. b, VeRa daytime ionospheric electron density 
profiles on four different days. These ingress profiles were derived from the 
8.4 GHz Doppler data. Clearly identified are the ionosopheric base at 

120 km, the secondary and main layers V1 and V2, respectively, the V3 layer, 
a highly variable topside, and an ionopause at altitudes varying between 225 
and 375 km. The latitude and solar zenith angle (SZA) associated with each 
profile is indicated. 
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Figure 5 | Four electron density profiles from the nightside of Venus. a, An 
example from high polar latitudes at —84° and near the terminator at solar 
zenith angle solar zenith angle = 92.4°, when the upper atmosphere is still 
illuminated and a structured ionosphere has formed. The peak density at 
145 km is about an order of magnitude less than that of the mid-latitude 
daytime profiles shown in Fig. 4. b—d, Profiles at various latitudes obtained 
for solar zenith angles near 113° and local time 05:00 (that is, unilluminated 
up to almost 500 km). Only weak, possibly sporadic, ionization was observed 
in some profiles. In contrast to the logarithmic representation of the daytime 
profiles in Fig. 4, these night-time profiles are plotted on a linear scale. 


minimum, when ion convection from the dayside ionosphere is 
reduced™. Profiles from locations close to the terminator at polar 
latitudes show a layered structure similar to that observed during 
the day, albeit with much lower peak densities. The reduced 


660 


NATURE|Vol 450|29 November 2007 


densities result from the longer atmospheric absorption lengths 
and corresponding reduction in ionizing flux at these high solar 
zenith angles. 
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Lightning on Venus inferred from whistler-mode 


waves in the ionosphere 


C. T. Russell’, T. L. Zhang’, M. Delva*, W. Magnes”, R. J. Strangeway’ & H. Y. Wei’ 


The occurrence of lightning in a planetary atmosphere enables 
chemical processes to take place that would not occur under stand- 
ard temperatures and pressures’ *. Although much evidence has 
been reported for lightning on Venus**, some searches have been 
negative’"'' and the existence of lightning has remained contro- 
versial. A definitive detection would be the confirmation of 
electromagnetic, whistler-mode waves propagating from the 
atmosphere to the ionosphere. Here we report observations of 
Venus’ ionosphere that reveal strong, circularly polarized, electro- 
magnetic waves with frequencies near 100 Hz. The waves appear as 
bursts of radiation lasting 0.25 to 0.5s, and have the expected 
properties of whistler-mode signals generated by lightning dis- 
charges in Venus’ clouds. 

We have begun again receiving scientific data from Venus with the 
arrival in April 2006 of the Venus Express spacecraft, inserted into a 
high inclination elliptical orbit with periapsis at 73° latitude and an 
altitude near 250km. Among its instrumentation, Venus Express 
carries a magnetometer that can sample at rates as high as 128 Hz 
(ref. 12). When sampling at this rate, the magnetometer is weakly 
low-pass-filtered before digitization, permitting some ‘aliasing’, in 
which signals enter the telemetry above the highest frequency that 
can be reconstructed by the digital telemetry. This frequency is half 
the sampling frequency, or 64Hz. This mode was specifically 
designed to capture lightning by taking advantage of the broad nat- 
ural bandwidth of the magnetometer within the limitation of a fixed 
number of bits transmitted to ground from the spacecraft. Owing to 
the large data volume produced, this mode was initially limited to 
2 min per orbit, centred on periapsis. Although the amplitudes and 
durations of the signals are preserved, the folding of the digitally 
sampled signals around half the sample period (aliasing) can affect 
the apparent dispersion of the signals and the handedness of the 
waves. 

Here we discuss measurements from 37 initial orbits in May and 
June 2006, when the interference from the reaction wheels on the 
body of this spacecraft remained outside our analysis bandwidth of 
42-60 Hz. We illustrate the properties of the wave events seen, with 
examples from day 160 (9 June 2006; Fig. 1). When the transmission 
began, signals appeared immediately, suggesting that the generation 
process was already active. The signals stopped after 15 s—probably 
when the spacecraft moved away from the source, or when the mag- 
netic-field-aligned propagation path became disconnected from the 
source. The signals on other passes appeared to begin and end during 
the transmissions, and some continued to at least the end of the pass. 
All signals resemble those shown here. They are bursty, with rapidly 
varying amplitudes, and variable interburst spacings and durations. 
The lower wave amplitude in the x direction (see Fig. 1 legend) 
indicates that the direction of propagation of the wave is roughly 
parallel or antiparallel to the solar direction. 


We can find the minimum variance direction (direction of phase 
propagation) of these signals quite precisely, and rotate the measure- 
ments into the principal axis coordinate system (Fig. 2a). The indi- 
vidual bursts each have slightly different directions. The direction of 
propagation in the example is aligned within 13° of the background 
magnetic field, as expected for a whistler-mode wave. This direction is 
very well determined, as the eigenvalues of the principal axis deter- 
mination are in the ratio 13 to 10 to 1. The near equality of the two 
largest eigenvalues indicates that the wave is nearly circularly polarized, 
again as expected for a whistler-mode wave propagating close to par- 
allel to the magnetic field. The wave components are very nearly 90° out 
of phase, as expected. A hodogram, in which the tip of the perturbation 
magnetic field is drawn for successive samples (Fig. 2b), confirms that 
the wave is nearly circularly polarized and its perturbation confined to a 
plane. Again, these are the characteristics expected for a whistler-mode 
wave, the only electromagnetic mode expected to propagate at these 
frequencies for the observed background magnetic field of 23 nT. Some 
of the events on the other three passes are more elliptically polarized, as 
would occur for propagation at an angle to the magnetic field. 

These signals are not due to spacecraft interference. There are two 
magnetometers on board, one on the spacecraft deck and one on a 
one-metre boom. Spacecraft signals produce different amplitudes on 
the two sensors, whereas real signals produce the same amplitude. 
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Figure 1| Examples of the wave events. Signals recorded by the three 
sensors of the fluxgate magnetometer at an altitude of 305 km at 05:16 local 
time and a solar zenith angle of 91°. Data sampled at 128 Hz have been 
rotated into Venus solar orbital (VSO) coordinates (to give B,, B,, Bz) and 
bandpass filtered to display signals from 42 to 60 Hz to reduce spacecraft 
interference. The coordinate system has its x direction pointed towards the 
Sun, y is opposite planetary motion, and z is along the orbit pole. Signals 
appeared to be in progress at the start of the interval (shown here) but ceased 
after 01:43:32 uT (h:min:s). The spacecraft moves about 100 km in 15s. 


‘Institute of Geophysics and Planetary Physics, University of California, Los Angeles, California 90095-1567, USA. *Space Research Institute, Austrian Academy of Sciences, Graz, 


A-8042, Austria. 


661 


©2007 Nature Publishing Group 


LETTERS 


B; (nT) 


B,(n7) 


0.1 + = 


B, (nT) 


L 
01:43:32 
b Universal time, 9 June 2006 


01:43:33 


T T T T ing T T T T 
01:43:32.1- Eigenvalues 


0.20 (0.012, 0.008, | 


0.00 


B; (nT) 


-0.20 


-0.20 


0.20 


-0.20 0.00 0.20 
B, (nT) 


Figure 2 | Propagation of the signals. a, Burst of signal at 01:43:32 UT 
rotated into the principal axis coordinate system, and bandpass filtered as in 
Fig. 1; B;, B; and B, are the field components in principal axis coordinates, 
with B; along the direction of maximum variance and B, along the direction 
of minimum variance. b, Hodogram of signal burst in the principal axis 
system. The wave is propagating along the direction (0.918, 0.340, 0.205) in 
VSO coordinates. 


Subtracting the two sensor outputs then will exactly cancel the real 
signal, leaving noise. This test was performed, and showed that the 
bursts were registered identically by the two sensors over the entire 
15-s period the waves were present. 

As the electromagnetic energy flux of these waves diminished with 
altitude when surveyed by Pioneer Venus’’, these waves must have a 
source in Venus’ atmosphere. We know of no other possible source of 
natural signals with these properties in Venus’ ionosphere other than 
lightning in the atmosphere. The waveforms indicate an impulsive 
current source similar to terrestrial lightning. Also, the intermittent 
appearance of the bursts is like the occurrence pattern expected for a 
weather-associated phenomenon. As the mission proceeds, we will 
obtain further data and be able to gather occurrence statistics, includ- 
ing the occurrence rate across the dayside for which we have no 
information from previous missions. We further note that the night 
and morning local times at which these results were obtained co- 
incide with the region of lowest expected occurrence rate from pre- 
vious measurements". 
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On 50% of these passes, there are bursts of noise greater than 
0.1 nT peak-to-peak, and on about 10% of the passes, there are bursts 
with amplitudes of greater than 0.2 nT peak-to-peak. The bursts have 
durations of about 0.2-0.5 s. If we assume that the magnetometer can 
detect signals over a footprint that has a radius equal to the space- 
craft’s altitude, it can see about 0.06% of the planet. If so, the burst 
rate of 0.03 s_' observed on these orbits corresponds to a planet-wide 
rate of 50s ‘, about half that at Earth'®. However, the high-latitude 
region beneath the spacecraft at periapsis may not be representative 
of the entire planet. 

In short, the initial data resolve the controversy concerning the 
presence of electromagnetic signals in Venus’ ionosphere consistent 
with generation by atmospheric lightning. These signals are seen 
extensively, even well away from the regions of expected maximum 
occurrence based on the Pioneer Venus survey. They are bursty, and 
occur intermittently as on Earth, but occur at a lower frequency, in 
part because the ionosphere cannot transmit much higher frequen- 
cies. They are sufficiently intense to be well characterized by the 
fluxgate magnetometer at all local times examined, and the rate of 
occurrence may be similar to the terrestrial rate. 
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Protein translocation across the eukaryotic 
endoplasmic reticulum and bacterial 
plasma membranes 


Tom A. Rapoport! 


A decisive step in the biosynthesis of many proteins is their partial or complete translocation across the eukaryotic 
endoplasmic reticulum membrane or the prokaryotic plasma membrane. Most of these proteins are translocated through a 
protein-conducting channel that is formed by a conserved, heterotrimeric membrane-protein complex, the Sec61 or SecY 
complex. Depending on channel binding partners, polypeptides are moved by different mechanisms: the polypeptide chain is 


transferred directly into the channel by the translating ribosome, a ratcheting mechanism is used by the endoplasmic 
reticulum chaperone BiP, and a pushing mechanism is used by the bacterial ATPase SecA. Structural, genetic and 
biochemical data show how the channel opens across the membrane, releases hydrophobic segments of membrane proteins 
laterally into lipid, and maintains the membrane barrier for small molecules. 


or almost 40 years, researchers have been fascinated by the 

question of how proteins are transported across or are inte- 

grated into membranes. Pioneering work by G. Palade! 

demonstrated that in eukaryotic cells secretory proteins cross 
the endoplasmic reticulum membrane before being transported in 
vesicles to the plasma membrane. The laboratories of G. Blobel and C. 
Milstein then discovered that these proteins are directed to the endo- 
plasmic reticulum membrane by signal sequences~’. A little later, 
signal sequences were also found to direct the translocation of pro- 
teins across the bacterial plasma membrane*». Genetic experiments 
identified components required for translocation, initially in bacteria 
and later in yeast**, and the establishment of an in vitro system 
initiated biochemical studies’. All of these achievements set the stage 
for investigations into the molecular mechanism of translocation, 
which will be the focus of this review. 

Proteins transported across the eukaryotic endoplasmic reticulum 
membrane or the prokaryotic plasma membrane include soluble 
proteins, such as those ultimately secreted from the cell or localized 
to the endoplasmic reticulum lumen, and membrane proteins, such 
as those in the plasma membrane or in other organelles of the secret- 
ory pathway. Soluble proteins cross the membrane completely and 
usually have amino-terminal, cleavable signal sequences, the major 
feature of which is a segment of 7-12 hydrophobic amino acids. 
Membrane proteins have different topologies in the lipid bilayer, 
with one or more transmembrane segments composed of about 
20 hydrophobic amino acids; the hydrophilic regions of these pro- 
teins either cross the membrane or remain in the cytosol. Both types 
of proteins are handled by the same machinery within the membrane: 
a protein-conducting channel. The channel allows soluble polypep- 
tides to cross the membrane and hydrophobic transmembrane seg- 
ments of membrane proteins to exit laterally into the lipid phase. 


Structure of the translocation channel 

The translocation channel is formed from a conserved hetero- 
trimeric membrane protein complex, called the Sec61 complex in 
eukaryotes and the SecY complex in bacteria and archaea (for more 


details, see refs 10 and 11). The a- and y-subunits show significant 
sequence conservation, and both subunits are essential for the func- 
tion of the channel and for cell viability. The B-subunits are not 
essential; they are similar in eukaryotes and archaea, but show no 
obvious homology to the corresponding subunit in bacteria. 

The o-subunit forms the pore of the channel, as initially shown by 
experiments in which photoreactive probes were systematically 
placed at different positions of a stalled translocating polypeptide’; 
all positions predicted to be within the membrane cross-linked only 
to the o-subunit of the Sec61 complex, indicating that this subunit 
surrounds the polypeptide chain during its passage across the mem- 
brane. In addition, experiments in which the purified Sec61/SecY 
complex was reconstituted into proteoliposomes showed that it is 
the essential membrane component for protein translocation’? ". 
The channel has an aqueous interior, as demonstrated by electro- 
physiology experiments'® and by measurements of the fluorescence 
lifetime of probes incorporated into a translocating polypeptide 
chain’”"*. 

The crystal structure of an archaeal SecY complex provided 
important insight into how the o-subunit forms the channel'®. The 
structure is probably representative of complexes from all species, as 
indicated by sequence conservation and by the similarity to a lower- 
resolution structure of the Escherichia coli SecY complex, determined 
by electron microscopy from two-dimensional crystals'’”°. Viewed 
from the cytosol, the channel has a square shape (Fig. la). The 
o-subunit is divided into two halves, transmembrane segments 1-5 
and 6-10. The loop between transmembrane segments 5 and 6 at the 
back of the «-subunit serves as a hinge, allowing the «-subunit to 
open at the front—the ‘lateral gate’. The y-subunit links the two 
halves of the «-subunit at the back by extending one transmembrane 
segment diagonally across their interface. The B-subunit makes con- 
tact only with the periphery of the a-subunit, probably explaining 
why it is dispensable for the function of the complex. 

The ten helices of the «-subunit form an hourglass-shaped pore 
that consists of cytoplasmic and external funnels, the tips of which 
meet about half way across the membrane (Fig. 1b). Whereas the 
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cytoplasmic funnel is empty, the external funnel is plugged by a short 
helix. The crystal structure therefore represents a closed channel but, 
as will be discussed later, biochemical data indicate how it can open 
and translocate proteins. The constriction of the hourglass-shaped 
channel is formed by a ring of six hydrophobic residues that project 
their side chains radially inward. The residues forming this ‘pore ring’ 
are amino acids with bulky, hydrophobic side chains. 


Different modes of translocation 


The channel alone is a passive pore; it must associate with partners 
that provide a driving force for translocation. Depending on the part- 
ner, there are three known ways in which the channel can function. 

In co-translational translocation, the main partner is the ribosome. 
This mode of translocation is found in all cells and is used for the 
translocation of secretory proteins as well as for the integration of 
most membrane proteins. Co-translational translocation begins with 
a targeting phase. The signal or transmembrane sequence ofa growing 
polypeptide chain is recognized by the signal-recognition particle 
(SRP); after this, the ribosome—nascent-chain-SRP complex binds 
to the membrane, first by an interaction between SRP and its mem- 
brane receptor, and then by an interaction between the ribosome and 


Pore ring 


Plug 


Figure 1| The translocation channel. a, View from the cytosol of the crystal 
structure of the SecY complex from Methanococcus jannaschii. The 
a-subunit consists of two halves, transmembrane segments 1—5 and 6-10 (in 
blue and red, respectively), which can open the lateral gate at the front 
(purple double-headed arrow). The B- and y-subunits are shown in grey. In 
the closed channel, the plug (in yellow) is in the centre of the «-subunit. Plug 
movement towards the back (black double-headed arrow) opens the channel 
across the membrane. The pore-ring residues are indicated in green. b, Cross- 
sectional view of the channel from the side. 
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Figure 2 | Model of co-translational translocation. The scheme is mostly 
based on experiments with the eukaryotic system, but is probably similar for 
all organisms. 


SRP receptor 


the translocation channel (Fig. 2; for review of the targeting phase, see 
refs 21 and 22). The elongating polypeptide chain subsequently moves 
directly from the tunnel inside the ribosome into the associated mem- 
brane channel. GTP hydrolysis is required for chain elongation by the 
ribosome, but polypeptide movement through the channel is inde- 
pendent of nucleotide hydrolysis”. In the case of membrane proteins, 
certain polypeptide segments do not enter the channel, but instead 
emerge from the ribosome-channel junction into the cytosol”, gen- 
erating a cytosolic domain. 

In most if not all cells, some proteins are transported after com- 
pletion of their synthesis, that is, post-translationally. This pathway 
seems to be used by a larger fraction of proteins in simpler organisms, 
such as bacteria and yeast, perhaps because in these fast-growing cells 
translocation does not always keep pace with translation. This path- 
way is used mostly by soluble proteins, such as secretory proteins, 
which possess only moderately hydrophobic signal sequences that 
cause them to escape recognition by the SRP during their syn- 
thesis****. These proteins need to remain unfolded or loosely folded 
after their release from the ribosome”’. Post-translational transloca- 
tion occurs by different mechanisms in eukaryotes and bacteria. 

During post-translational translocation in yeast, and probably in 
all eukaryotes, the channel partners with another membrane-protein 
complex, the tetrameric Sec62/Sec63 complex, and with the luminal 
chaperone BiP, a member of the Hsp70 family of ATPases**”’. In 
Saccharomyces cerevisiae, the Sec62/Sec63 complex consists of the 
essential Sec62 and Sec63 proteins as well as the dispensable Sec71 
(also known as Sec66) and Sec72 proteins. Mammalian cells only 
have Sec62 and Sec63 (refs 30 and 31). Translocation begins with 
the binding of a translocation substrate to the channel (Fig. 3). 
During this step, all cytosolic chaperones are released from the sub- 
strate**. Once the polypeptide is inserted into the channel, its trans- 
location occurs by a ratcheting mechanism’*’. The polypeptide chain 
in the channel can slide in either direction by brownian motion, but 


Cytosolic chaperones 


Signal 
sequence ‘ 


Sec61 
complex ) 


BiP 


Sec62/Sec63 
complex 


Cytosol 


Figure 3 | Model of post-translational translocation in eukaryotes. It is 
possible that oligomers of the Sec61 complex mediate translocation, similar 
to the situation with the other modes of translocation (Figs 2 and 4). 
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Figure 4 | Model of post-translational translocation in bacteria. 


its binding to BiP inside the lumen of the endoplasmic reticulum 
prevents movement back into the cytosol, resulting in net forward 
translocation. ATP-bound BiP with an open peptide-binding pocket 
interacts with the J-domain of Sec63, which causes rapid ATP 
hydrolysis and closure of the peptide-binding pocket around the 
translocation substrate. J-domain-activated BiP has a low binding 
specificity**, allowing it to interact with essentially any polypeptide 
segment that emerges from the channel into the lumen of the endo- 
plasmic reticulum. When the polypeptide has moved sufficiently in 
the forward direction, the next BiP molecule can bind. This process 
is repeated until the polypeptide chain has completely traversed 
the channel. Finally, exchange of ADP for ATP opens the peptide- 
binding pocket and releases BiP. 

In bacterial post-translational translocation, the channel partners 
with the cytosolic ATPase SecA. SecA has several domains, including 
two nucleotide-binding folds (NBFl and NBF2) that bind the 
nucleotide between them and move relative to one another during 
the ATP hydrolysis cycle. The other domains also move, perhaps 
allowing SecA to alternate between the closed and open conforma- 
tions that are observed in crystal structures**”*. A large groove in the 
open state might close around the polypeptide chain, because it is 
similar in dimensions to those seen in other proteins that interact 
with a wide range of substrates. Several experiments indicate that 
SecA functions as a monomer during translocation*””, but the issue 
is still controversial**’. The translocation of many substrates begins 
with their binding to SecB, a cytosolic chaperone“ (Fig. 4). Next, 
SecA interacts with SecB and accepts the polypeptide, probably bind- 
ing both the signal sequence and the segment following it**”. The 
subsequent transfer of the polypeptide into the channel requires a full 
cycle of ATP hydrolysis by SecA**’. Once inserted into the channel, 
the substrate is translocated by a ‘pushing’ mechanism”. Although 
the details are not yet clear, a plausible mechanism assumes that the 
polypeptide-binding groove of SecA closes around the polypeptide 
chain and moves towards the channel, pushing the polypeptide into it 
(Fig. 4). The size of SecA means that it is unlikely that it inserts deeply 
into the SecY channel, as proposed earlier*””°. On nucleotide hydro- 
lysis, the groove opens, releases the peptide, and moves away to ‘grab’ 
the next segment of the substrate. This cycle continues until the entire 
polypeptide is translocated. An electrochemical gradient across the 
membrane stimulates translocation in vitro and is required in vivo", 
but it is unclear how the gradient is used. 

Archaea probably have both co- and post-translational transloca- 
tion’, but it is unknown how post-translational translocation 
occurs because these organisms lack SecA, the Sec62/Sec63 complex 
and BiP. 


Opening the channel across the membrane 


In all modes, the translocation of a secretory protein begins with its 
insertion into the channel. The polypeptide inserts as a loop (Fig. 5a), 
with the signal sequence intercalated into the walls of the channel and 
the segment distal to it located in the pore proper™. Opening of the 
channel for loop insertion probably occurs in two steps. The first is 
the binding of a channel partner—the ribosome, the Sec62/Sec63 
complex or SecA. This event probably destabilizes interactions that 
keep the plug in the centre of the Sec61/SecY molecule. The ribosome 
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and SecA interact with cytosolic loops in the carboxy-terminal half of 
Sec61/SecY**, and these might transmit conformational changes to 
other parts of the molecule, resulting in transient displacement of the 
plug and continuous opening and closing of the lateral gate. This is 
supported by the observation of increased ion conductance when 
non-translating ribosomes are bound to the channel’®. 

The second step is the intercalation of the hydrophobic segment of 
a signal sequence into the lateral gate. Photocrosslinking experiments 
with a yeast in vitro system show that the hydrophobic region of a 
bound signal sequence forms a helix of about two turns, which is 
intercalated between transmembrane segments 2b and 7 (ref. 56). 
The signal sequence can also be crosslinked to phospholipid mole- 
cules, indicating that it sits at the interface between channel and lipid. 
The binding of the signal sequence would separate transmembrane 
segments 2b and 7 and further destabilize plug interactions, causing 
the plug to move from the centre of Sec61/SecY into a cavity at the 
back of the molecule. Disulphide-bridge crosslinking shows that 
the plug indeed comes close to the transmembrane segment of the 
y-subunit during translocation®”**. This model is also consistent with 
the observation that many mutations that allow the translocation of 
proteins with defective signal sequences (signal-suppressor muta- 
tions) would be expected to destabilize the closed channel'®””. 

Finally, the open state of the channel would be fixed by the inser- 
tion of the polypeptide segment distal to the signal sequence into the 
pore proper. During subsequent translocation, the signal sequence 
stays put, whereas the rest of the polypeptide moves through the pore. 
The plug could only return to the centre of Sec61/SecY when the 
polypeptide chain has left the pore. At some point, the signal 
sequence is cleaved by signal peptidase and is then further degraded 
by the signal peptide peptidase, a presenilin-like enzyme that cleaves 
the hydrophobic segment within the membrane”. 


The pore 


The crystal structure indicates that a single copy of the Sec61/SecY 
complex forms the pore; according to this model, a polypeptide 


Lateral 


Figure 5 | Different stages of translocation. a, Translocation of a secretory 
protein. The red line indicates the hydrophobic region of a signal sequence. 
Depicted is the co-translational mode of translocation, but similar schemes 
can be envisioned for the other modes. For simplicity, only the translocating 
Sec61/SecY copy is shown. b, Translocation of membrane proteins. When a 
hydrophobic transmembrane sequence (in red) has emerged from the 
ribosome, it can bind reversibly in several conformations. If the hydrophobic 
sequence is long and the N terminus is not retained in the cytosol, it can flip 
across the membrane (upper panel). If the N terminus is retained in the 
cytosol and the polypeptide chain is further elongated by the translating 
ribosome (indicated by the loop between the ribosome and channel), the C 
terminus can translocate across the membrane (lower panel). 


665 


©2007 Nature Publishing Group 


REVIEWS 


would move from the cytoplasmic funnel, through the pore ring, into 
the external funnel. Previously, it was thought that several copies of 
the Sec61/SecY complex would assemble to form a hydrophilic pore 
in the membrane, but the crystal structure shows that, similar to all 
other membrane proteins, a single SecY complex has an entirely 
hydrophobic belt around its exterior surface’’. Systematic disulphide 
cross-linking experiments, in which one cysteine is placed in a trans- 
location substrate and another at various positions of SecY, show that 
the polypeptide chain indeed passes through the centre of the SecY 
complex and makes contact with it only at the waist of the hourglass- 
shaped channel*'. The aqueous interior of the channel, its shape and 
the lack of interactions of the hydrophobic pore residues with the 
hydrophilic polypeptide backbone all help to minimize the energy 
required to move a translocation substrate through the membrane. 

The diameter of the pore ring, as observed in the crystal structure, 
is too small to allow the passage of most polypeptide chains. Because 
even peptide loops of 13 residues and bulky side chains can move 
through the channel®*®’, pore widening has to be postulated, which 
could be mediated by movements of the helices to which the pore- 
ring residues are attached. The flexibility of the pore ring is supported 
by molecular dynamics simulations as well as by electrophysiology 
experiments™ *’. The intercalation ofa signal sequence at the front of 
Sec61/SecY may cause additional widening of the pore, as is required 
for loop insertion of a polypeptide chain. The estimated maximum 
dimensions of the pore on the basis of the crystal structure are 
15 X 20angstr6m (A) (ref. 10). A polypeptide in the pore could 
therefore form an o-helix, but no tertiary structure, in agreement 
with experimental data. 

Results from fluorescence-quenching experiments have indicated 
that the pore is much larger (40-60 A) than conceivable with a single 
Sec61/SecY molecule. The fluorescent probes were incorporated 
into translocating nascent chains that are associated with stalled, 
membrane-bound ribosomes; quenching agents as large as NAD* 
were able to move through the channel to collide with the probes. 
These data could be reconciled with the crystal structure if two or 
more Sec61/SecY complexes associated at their front surfaces and 
opened their lateral gates to fuse their pores into a larger channel. 
Although a different arrangement—a back-to-back orientation—is 
suggested by the two-dimensional structure of the E. coli SecY com- 
plex and by cross-linking data’””°, the model would be consistent 
with an electron microscopy structure in which a translating E. coli 
ribosome was proposed to be associated with two nearly front-to- 
front oriented SecY molecules’!. However, this structure is based ona 
low-resolution electron-density map (~15 A), and the docking of the 
SecY crystal structure required its drastic modification. The position 
and orientation of both SecY molecules are different from that of the 
single SecY molecule that is seen in more recent electron microscopy 
structures of non-translating ribosome-SecY complexes’’. 
Disulphide-bridge cross-linking experiments argue against fusion 
of different pores because they show that, during SecA-mediated 
translocation, both the signal sequence and the mature region of a 
polypeptide chain are located in the same SecY molecule*’. A deter- 
gent-solubilized translocation intermediate also contains just one 
copy of SecY associated with one SecA and one translocation sub- 
strate molecule®’. 

If, then, the channel is formed from only one Sec61/SecY mole- 
cule, how can one rationalize the fluorescence-quenching results? 
Although there is currently no good explanation, it should be noted 
that the fluorescent probes were located deep inside the ribosome, 
and therefore the same large diameter (40-60 A) must be assumed 
for the ribosome tunnel, a size that does not agree with that seen 
in ribosome structures (<20A) determined by crystallography or 
cryo-electron microscopy’? ’*. One might argue that the tunnel could 
widen under certain conditions, but this could not be caused simply 
by the arrival of a nascent polypeptide, because a chain is present 
in some of the structures. It is also difficult to see how the rigid 
ribosomal RNA that lines most of the tunnel could undergo such a 
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dramatic change. It has been proposed that the structural methods 
give inaccurate answers because they are obtained in detergent”, but 
the disulphide cross-linking experiments were performed with func- 
tional translocation intermediates in intact membranes“. 


Oligomeric translocation channels 


Although the pore is formed by only one Sec61/SecY molecule, 
translocation of a polypeptide chain seems to be mediated by oligo- 
mers. This is best supported by the observation that a SecY molecule 
defective in SecA-mediated translocation can be rescued by linking it 
covalently with a wild-type SecY copy**. Disulphide-bridge cross- 
linking showed that SecA binds through its NBF1 domain to a 
non-translocating SecY copy, and moves the polypeptide chain 
through a neighbouring SecY copy** (Fig. 4). In this model, the static 
interaction with the non-translocating SecY molecule would prevent 
complete detachment of SecA when its peptide-binding domain 
moves away from the translocating SecY molecule to ‘grab’ the next 
polypeptide segment. 

The Sec61/SecY complex probably forms oligomers during co- 
translational translocation as well. When a ribosome-nascent- 
chain-SRP complex binds to the SRP receptor, a domain of SRP 
undergoes a conformational change that exposes a site on the ribo- 
some to which a single Sec61/SecY molecule could bind’”—probably 
the one seen in recent electron microscopy structures of non- 
translating ribosome-SecY complexes’”’. The bound SecY molecule 
is close to the point where a polypeptide exits the ribosome and could 
thus become the translocating copy. At a later stage of translocation, 
SRP completely detaches from the ribosome, and one or more addi- 
tional copies of the Sec61/SecY complex may associate, as suggested 
by cross-linking and freeze-fracture electron microscopy experi- 
ments’*”’. These copies could stabilize the ribosome—channel junc- 
tion and possibly recruit other components, such as signal peptidase 
and oligosaccharyl transferase, which are needed for polypeptide 
modification, or the translocon-associated protein complex 
(TRAP), the function of which is still unclear. On termination of 
translocation, dissociation of the Sec61/SecY oligomers could facil- 
itate the release of the ribosome from the membrane”. Dissociable 
oligomers may also allow the Sec61/SecY complex to change channel 
partners and modes of translocation. 

Electron microscopy structures of detergent-solubilized ribo- 
some-channel complexes suggested the presence of three or four 
Sec61 molecules*”*'. However, the low resolution of these structures 
makes it difficult to distinguish between protein and additional den- 
sity contributed by lipid and detergent. It is therefore possible that 
only one Sec61 molecule is present, whereas the other Sec61 copies 
were lost during solubilization, similar to the dissociation seen with 
SecA-interacting SecY oligomers”. 

The emerging concept of homo-oligomeric channels, in which 
only one copy is active at any given time, may be a common theme 
in protein translocation. Such a situation may apply for PapC, which 
is involved in the secretion of pilus subunits across the outer mem- 
brane of E. coli®’, and for Tom40 and Tim22, which are involved in 
protein transport across the outer and inner mitochondrial mem- 
brane****, respectively. 


Membrane-protein integration 


During the synthesis of a membrane protein, all transmembrane 
segments move from the aqueous interior of the channel, through 
the lateral gate, into the lipid phase. The gate is formed where short 
segments of four transmembrane segments at the front of Sec61/SecY 
link the two halves of the molecule’’. The resulting seam in the wall of 
the channel is probably weak once these transmembrane segments 
are no longer contacted and stabilized by the plug. The lateral gate 
may therefore continuously open and close, exposing polypeptide 
segments located in the aqueous channel to the surrounding hydro- 
phobic lipid phase. Segments that are sufficiently long and hydro- 
phobic to span the entire membrane would exit the channel through 
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the lateral gate, simply by partitioning between aqueous and 
hydrophobic environments. This model is supported by photo- 
cross-linking experiments that examined the lateral exit of a trans- 
membrane segment in different translocation intermediates”, as well 
as by the agreement between a hydrophobicity scale derived from 
peptide partitioning into an organic solvent and the tendency of a 
peptide to span the membrane*®. The model is also consistent with 
molecular dynamics simulations that indicate that lipid molecules do 
not pass the lateral gate rapidly*’. The size of the channel indicates 
that transmembrane segments exit laterally one by one or in pairs. 
Hydrophilic segments between the transmembrane segments would 
move alternately from the ribosome, through the aqueous channel, to 
the external side of the membrane, or emerge between the ribosome 
and channel into the cytosol. Movement into the cytosol would 
utilize a gap between the ribosome and channel, which can be visua- 
lized in electron microscopy structures*’. 

In contrast to a signal sequence, which always has its N terminus in 
the cytosol, the first transmembrane segment of a membrane protein 
can have its N terminus on either side of the membrane, depending 
on the amino-acid sequence of the protein. In a multi-spanning 
membrane protein, the first transmembrane segment often deter- 
mines the orientation of the subsequent ones**, although there are 
exceptions in which internal transmembrane segments have a pre- 
ferred orientation regardless of the behaviour of preceding trans- 
membrane segments (for a review, see ref. 89). 

A model for how the orientation of the first transmembrane seg- 
ment is determined is shown in Fig. 5. When a hydrophobic segment 
emerges from the ribosome, it can intercalate reversibly in two dif- 
ferent orientations into the lateral gate (Fig. 5b). If the hydrophobic 
sequence is long and the N terminus is not retained in the cytosol by 
positive charges or by the folding of the preceding polypeptide seg- 
ment (for a review, see ref. 89), it can flip across the channel and 
subsequently exit it laterally into the lipid phase. If the N terminus is 
retained in the cytosol and the polypeptide chain is further elongated, 
the C terminus can translocate across the channel, inserting the poly- 
peptide as a loop, as in the case of a secretory protein. 


Maintaining the permeability barrier 


The channel must prevent the free movement of small molecules, 
such as ions or metabolites, both in its resting state and when trans- 
locating a polypeptide. Maintaining the membrane barrier is particu- 
larly important for prokaryotes, because the proton gradient across 
the membrane is the main source of their energy. The endoplasmic 
reticulum membrane may be somewhat leaky to small molecules”, 
but it must also prevent the free flow of ions. 

Results from fluorescence-quenching experiments with endoplas- 
mic reticulum membranes suggest a complex molecular mechanism 
to maintain the membrane permeability barrier. In this model, the 
resting channel has a pore size of 9-15A, which is closed at the 
luminal end by BiP, either directly or indirectly’. During the trans- 
location of a secretory protein, the channel widens to 40-60 A, and 
the luminal seal is lost, replaced by a cytoplasmic seal from the trans- 
lating ribosome®”'. When a multi-spanning membrane protein is 
synthesized, the seals provided by the ribosome and BiP alternate, 
depending on whether the nascent chain is directed to the endoplas- 
mic reticulum lumen or the cytosol®’. The pore is closed by BiP before 
the transmembrane segment in a nascent chain reaches the channel, 
implying that the ribosome recognizes the nascent chain as a mem- 
brane protein. Fluorescence resonance energy transfer (FRET) and 
chemical modification experiments support the idea that a trans- 
membrane segment can form an « helix inside the ribosome’, 
but it is difficult to see how the ribosome tunnel, with its mostly 
hydrophilic surface, could recognize a long hydrophobic sequence. 
In addition, consecutive transmembrane segments move in the same 
direction inside the ribosome, but would have to transmit opposing 
signals to the ribosome-associated channel. A tight seal between 
the ribosome and channel is also at odds with electron microscopy 
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structures that reveal a gap of 12-15 A between them®”””. Finally, this 
model does not explain how the membrane barrier is maintained in 
the absence of a ribosome (in post-translational translocation) or in 
the absence of BiP (in prokaryotes). 

The crystal structure indicates a simpler model, in which the mem- 
brane barrier is formed by the channel itself, with both the plug and 
pore ring contributing to the seal!°. Electrophysiology experiments 
show that the resting SecY channel, reconstituted in the absence of 
other components into a planar membrane, is indeed impermeable 
to ions and water, and opens on plug displacement”. In the active 
channel, the pore ring would fit like a gasket around the translocating 
polypeptide chain, thereby restricting the passage of small molecules 
during protein translocation. The seal would not be expected to be 
perfect; in fact, a partial loss of the electrochemical gradient is 
observed on accumulation of an arrested translocation intermediate 
in E. coli membranes”’. Leakage is probably compensated for by 
powerful ion pumps. During the synthesis of a multi-spanning 
membrane protein, the seal would be provided in an alternating 
manner either by the nascent chain in the pore or—once the chain 
has left the pore—by the plug returning to the centre of Sec61/SecY. 
This model needs further experimental verification, but it would 
explain how the membrane barrier can be maintained in both co- 
and post-translational translocation, and why a gap between the 
ribosome and channel may not compromise the barrier. 

Surprisingly, plug-deletion mutants are viable in S. cerevisiae and 
E. coli, and have only moderate translocation defects””””. However, 
the crystal structure of these mutants shows that new plugs are 
formed from neighbouring polypeptide segments”. The new plugs 
still seal the closed channel, but they have lost many interactions that 
normally keep the plug in the centre of SecY. This results in continu- 
ous channel opening and closing, as observed in electrophysiology 
experiments”. In addition, facilitated channel opening in the plug- 
deletion mutants permits polypeptides with defective or even missing 
signal sequences to be translocated”*”’. The plug sequences are only 
poorly conserved among Sec61/SecY channels, supporting the idea 
that promiscuous segments can seal the channel and lock it in its 
closed state. 


Perspective 


Progress during the past several years has led to a detailed under- 
standing of protein translocation, in particular of the function of the 
Sec61/SecY channel. Nevertheless, major questions in the field are 
still controversial and unresolved. Further progress will require the 
combination of different approaches. To address how the channel 
maintains the permeability barrier, electrophysiology experiments 
are needed to complement the fluorescence-quenching method, par- 
ticularly because results from the latter are difficult to reconcile with 
structural data. Important questions in co-translational transloca- 
tion include how the SRP receptor and channel collaborate, how 
many Sec61/SecY complexes participate in translocation, and how 
the ribosome ultimately dissociates from the channel. The precise 
role of the Sec62/Sec63 components in post-translational transloca- 
tion, and the mechanism by which SecA moves polypeptides, are also 
important issues for the future. Membrane-protein integration is still 
particularly poorly understood, and new methods are required to 
follow the integration of individual transmembrane segments during 
the synthesis of a multi-spanning membrane protein. Another unre- 
solved issue concerns other translocation components, such as the 
translocon-associated membrane protein (TRAM) protein and the 
translocon-associated protein (TRAP) complex in mammalian cells, 
or the YidC, SecD and SecF proteins in prokaryotes. These compo- 
nents may be required as chaperones for the folding of transmem- 
brane segments, or to increase the efficiency of translocation of some 
substrates, but their precise functions remain to be clarified. Much 
of the progress in the field will depend on the generation of high- 
resolution structures, with the ‘holy grail’ being a picture of the 
‘translocon in action’, in which a channel associated with both a 
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partner and a translocating polypeptide chain is visualized at 
atomic detail. However, even lower resolution electron microscopy 
structures of active translocation complexes are eagerly awaited. The 
study of the Sec translocation system remains an exciting area of 
research and is likely to serve as a paradigm for other protein trans- 
location systems, such as those in mitochondria, chloroplasts and 
peroxisomes. 
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BRIEF COMMUNICATIONS ARISING 


Ediacaran oxidation and biotic evolution 


Arising from: D. A. Fike et al. Nature 444, 744-747 (2006). 


The link between the radiation of various lineages of eukaryotes 
in the latest Proterozoic and massive environmental changes— 
oxygenation, global ice ages and bolide impact—is the focus of much 
research interest. Fike et al.’ use carbon and sulphur isotope— 
chemostratigraphic data from Oman to propose three stages of 
oxidation in the Ediacaran oceans, and link the second and third 
stages to eukaryote diversification. The second stage, signalled by 
strongly '°C-depleted sedimentary carbonates (the ‘Shuram excur- 
sion’), is believed to result from oxidation of a large, deep-ocean 
reservoir of organic carbon’. Fike et al. use our data”® to assert that 
a correlative carbon isotope excursion in Australia coincided with the 
initial diversification of acanthomorphic acritarchs. Peak diversity is 
claimed to have coincided with subsequent deposition of '°C- 
enriched carbonate and the third oxidation stage. However, the 
authors seem to have misinterpreted our data, which instead indicate 
that diversification significantly preceded the Shuram excursion; this 
weakens their argument for a link between the inferred oxidation 
events and eukaryote evolution. 
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Figure 1| Ediacaran successions in the eastern Officer Basin (data from 
Munta-1 drillhole”*) and Adelaide Rift Complex (acritarch data from 
SCYWIA drillhole?; isotope data from Bunyeroo Gorge*). Selected 
correlation tie-lines (circled numbers) are (1) the basal Ediacaran sequence 
boundary; (2) the Acraman impact ejecta horizon”; (3) the ‘canyon 
unconformity”; and (4) occurrences of Ediacaran animal fossils. Marine 
87$r/°°Sr increased monotonically through the Ediacaran; indicated least- 
altered values are thus consistent with the correlations shown’. 


In the type area of the Ediacaran system, the Adelaide Rift 
Complex, no acritarchs have been recovered from the strongly 
'8C-depleted section (<—5%o, middle Wonoka Formation, Fig. 1) 
correlated with the Shuram excursion. This is probably due to high 
levels of thermal maturity and deep weathering. Nearby drillholes 
contain sparse acanthomorphs, indicating diversification in the 
underlying Bunyeroo and lower-most Wonoka Formations (Fig. 1), 
but the remainder of the Wonoka Formation is missing in these 
drillholes. The acritarch record is much better preserved and more 
complete in the Officer Basin. Here, acanthomorph diversification 
begins in the Dey Dey Mudstone (a correlative of the Bunyeroo 
Formation), within 50m of the Acraman impact ejecta layer*, and 
diverse assemblages continue through a thick overlying succession of 
mudstone and siltstone with interbedded '*C-enriched carbonate 
(Karlaya Limestone and Tanana Formation) to reach peak diversity 
in the '°C-enriched Wilari Dolomite Member?>. The increase in 
acanthomorph species numbers does not coincide with a negative 
excursion in ‘°C (Fig. 1). Not until some 700m above the first 
acanthomorph record, and above at least three of our four acantho- 
morph zones’, does strongly '*C-depleted carbonate, presumably the 
onset of the Shuram excursion, appear in the Officer Basin*”. 

Consistent with this, the Karlaya Limestone and Tanana 
Formation are older than the '*C-depleted middle Wonoka 
Formation, from strontium (Sr) isotope stratigraphic and sequence 
stratigraphic evidence’. Acanthomorph abundances and species 
numbers apparently decline above this level, in contrast to the model 
of Fike et al., although the fossil record is poor in this part of the 
Australian succession. Because of unconformities in the Officer Basin 
and non-preservation of acritarchs in the Adelaide Rift Complex, we 
are uncertain of the relationship of the peak diversity seen in the 
Wilari Dolomite Member with the Shuram excursion. 

In contrast to the claim by Fike et al., our data do not show peak 
acanthomorph diversity in the Julie Formation (Amadeus Basin). 
Not a single acritarch was recovered from the Julie Formation. In 
the Amadeus Basin, acanthomorph diversification begins in the 
underlying Pertatataka Formation (a correlative of the Bunyeroo 
Formation), with maximum recorded diversity about 50m below 
the base of the Julie Formation. The Australian evidence for peak 
acanthomorph diversity coinciding with the third oxidation stage of 
Fike et al. is therefore unconvincing. 
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Fike et al. reply 


Replying to: K. Grey & C. R. Calver Nature 450, doi:10.1038/nature06360 (2007). 


Calver and Grey’ point out the difficulties of relating the Australian 
acritarch record to the global record of environmental change. This 
results from the lack of documented stratigraphic sections that have 
overlapping chronologies of both acritarch evolution and global 
chemostratigraphic proxies, such as 5'*C.a:p, and we agree that 
coupled records are required to confirm our hypothesis*. Until such 
records exist, any correlations between Australian acritarch-bearing 
strata and strata containing records of global secular variations in 
8° Carb are necessarily tenuous. This uncertainty, however, does not 
affect the principal conclusion of our paper, which emphasizes the 
evidence for sequential chemical oxidation of the Ediacaran ocean. 
Our inferred correlation between chemical oxidation and biological 
evolution is supported by subsequent results on strata containing 
strong geochronologic tie-points and a robust biostratigraphic and 
chemostratigraphic record”. 

More specifically, Calver and Grey contest our interpretation of an 
increase in acritarch diversity associated with the onset of the negative 
excursion in 8!°C.,,, in the Wonoka Formation of the Adelaide Rift 
Complex, equivalent to our stage II oxidation. Despite this claim, exist- 
ing data show that the onset of the Wonoka 5'°C_,,, excursion is found 
in the most basal Wonoka, just above the Bunyeroo/Wonoka contact’. 
An examination of the Adelaide Rift Complex (figure 18 of ref. 6) 
acritarch record reveals an increase in acritarch diversity (appearance 
of the Appendisphaera barbata (Ab)/Alicesphaeridium medusoidum 
(Am)/Gyalosphaeridium pulchrum (Gp) assemblage) in the basal 
Wonoka. We therefore stand by our correlation between acritarch diver- 
sification in the basal Wonoka and the onset of the stage II oxidation. 

Calver and Grey correctly point out our error in associating the 
Julie Formation with the peak in acritarch diversity in the Amadeus 
basin. The peak diversity is in the uppermost Pertatataka Formation, 


immediately underlying the Julie Formation. However, in the 
absence of geochronological constraints, we accept the interpretation 
that these formations are not broadly separated in time’. Therefore, 
this does not discount the central hypothesis of our paper, which 
argues for increasing biological diversity associated with progressive 
oxidation throughout Ediacaran time. 
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altered values are thus consistent with the correlations shown’. 
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Fike et al. reply 


Replying to: K. Grey & C. R. Calver Nature 450, doi:10.1038/nature06360 (2007). 


Calver and Grey’ point out the difficulties of relating the Australian 
acritarch record to the global record of environmental change. This 
results from the lack of documented stratigraphic sections that have 
overlapping chronologies of both acritarch evolution and global 
chemostratigraphic proxies, such as 5'*C.a:p, and we agree that 
coupled records are required to confirm our hypothesis*. Until such 
records exist, any correlations between Australian acritarch-bearing 
strata and strata containing records of global secular variations in 
8° Carb are necessarily tenuous. This uncertainty, however, does not 
affect the principal conclusion of our paper, which emphasizes the 
evidence for sequential chemical oxidation of the Ediacaran ocean. 
Our inferred correlation between chemical oxidation and biological 
evolution is supported by subsequent results on strata containing 
strong geochronologic tie-points and a robust biostratigraphic and 
chemostratigraphic record”. 

More specifically, Calver and Grey contest our interpretation of an 
increase in acritarch diversity associated with the onset of the negative 
excursion in 8!°C.,,, in the Wonoka Formation of the Adelaide Rift 
Complex, equivalent to our stage II oxidation. Despite this claim, exist- 
ing data show that the onset of the Wonoka 5'°C_,,, excursion is found 
in the most basal Wonoka, just above the Bunyeroo/Wonoka contact’. 
An examination of the Adelaide Rift Complex (figure 18 of ref. 6) 
acritarch record reveals an increase in acritarch diversity (appearance 
of the Appendisphaera barbata (Ab)/Alicesphaeridium medusoidum 
(Am)/Gyalosphaeridium pulchrum (Gp) assemblage) in the basal 
Wonoka. We therefore stand by our correlation between acritarch diver- 
sification in the basal Wonoka and the onset of the stage II oxidation. 

Calver and Grey correctly point out our error in associating the 
Julie Formation with the peak in acritarch diversity in the Amadeus 
basin. The peak diversity is in the uppermost Pertatataka Formation, 


immediately underlying the Julie Formation. However, in the 
absence of geochronological constraints, we accept the interpretation 
that these formations are not broadly separated in time’. Therefore, 
this does not discount the central hypothesis of our paper, which 
argues for increasing biological diversity associated with progressive 
oxidation throughout Ediacaran time. 
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Shiga toxin induces tubular membrane 
invaginations for its uptake into cells 


Winfried Romer'”, Ludwig Berland”®, Valérie Chambon’, Katharina Gaus®”, Barbara Windschiegl'®, 
Daniéle Tenza*”’, Mohamed R. E. Aly*”, Vincent Fraisier°, Jean-Claude Florent*’, David Perrais'', 
Christophe Lamaze’, Graca Raposo”, Claudia Steinem’””, Pierre Sens’”, Patricia Bassereau~’° & Ludger Johannes” 


Clathrin seems to be dispensable for some endocytic processes and, in several instances, no cytosolic coat protein complexes 
could be detected at sites of membrane invagination. Hence, new principles must in these cases be invoked to account for the 
mechanical force driving membrane shape changes. Here we show that the Gb3 (glycolipid)-binding B-subunit of bacterial 
Shiga toxin induces narrow tubular membrane invaginations in human and mouse cells and model membranes. In cells, 
tubule occurrence increases on energy depletion and inhibition of dynamin or actin functions. Our data thus demonstrate 
that active cellular processes are needed for tubule scission rather than tubule formation. We conclude that the B-subunit 
induces lipid reorganization that favours negative membrane curvature, which drives the formation of inward membrane 


tubules. Our findings support a model in which the lateral growth of B-subunit-Gb3 microdomains is limited by the 
invagination process, which itself is regulated by membrane tension. The physical principles underlying this basic 
cargo-induced membrane uptake may also be relevant to other internalization processes, creating a rationale for 


conceptualizing the perplexing diversity of endocytic routes. 


Several endocytic routes do not involve clathrin-coated pits’®, and 
the mechanisms that initiate membrane uptake in these cases are still 
largely unknown. The bacterial Shiga toxin is one of the cargoes that 
are endocytosed independently of clathrin’”’. Intoxication of cells by 
this pathogenic product requires its binding to the glycosphingolipid 
receptor globotriaosyl ceramide (Gb3) in the exoplasmic membrane 
leaflet. To study one of the earliest steps of toxin uptake into cells, that 
is, the formation of membrane invaginations, we have applied vari- 
ous microscopy approaches to monitor dynamic membrane shape 
changes. 


STxB uptake via tubular membrane invaginations 


First, we analysed the localization in human HeLa cells of the non- 
toxic homopentameric Gb3-binding B-subunit of Shiga toxin 
(STxB). At early times of STxB internalization (5 min), tubular 
STxB-positive structures of variable length could be detected 
(Fig. la), of which some were clearly connected to the surface in 
the focal plane of observation (arrow). These tubules did not contain 
the transferrin receptor (TfR), which is internalized via clathrin- 
coated pits. 

Dynamin has been ascribed a critical role in membrane scission in 
many, but not all, endocytic pathways””®. Inhibiting dynamin func- 
tion by overexpression of the dominant-negative dynamin protein 
Dyn2baK44A (Fig. 1b), or with dynasore—a small-molecule dyna- 
min inhibitor", or by short interfering (si)RNA-mediated depletion 
of the protein (Supplementary Fig. 1) resulted in all cases in the 
increased occurrence of long surface-connected STxB-containing 
tubules, suggesting that their scission was inhibited under these con- 
ditions. Dyn2baK44A (Fig. 1b), but not TfR (Supplementary Fig. 2), 
localized to STxB-containing tubules. To bypass fixation or shifts in 


temperature—conditions that may affect tubule integrity—images 
were acquired on live cells at 37 °C. Again, STxB appeared in surface- 
connected tubules when dynamin function was inhibited (Fig. 1c), 
even at time points when STXB was almost exclusively in perinuclear 
Golgi membranes of control cells (Supplementary Fig. 3). The find- 
ing that dynasore partially protected cells from Shiga-toxin-induced 
protein biosynthesis inhibition (Supplementary Fig. 4) confirmed 
that a sizable fraction of toxin traffics through dynamin-dependent 
pathways, differentiating this uptake from the CLIC/GEEC’””’ and 
flotillin’* routes. Recently, strong evidence for a functional link 
between dynamin and actin in membrane scission has been pre- 
sented’. Incubation of cells with latrunculin A, a small-molecule 
compound that inhibits actin polymerization, increased the occur- 
rence of STxB-induced invaginations (Supplementary Fig. 5), sug- 
gesting that actin is required for their efficient scission. 

Incubation of energy-depleted cells, in which molecular motors 
and other mechanoenzymes, including dynamin, are inactive, with 
STxB concentrations as low as 1nM also led to the formation of 
tubules that were negative for TfR and clathrin (Supplementary 
Fig. 6a—c). Tubules were more frequently observed in energy- 
depleted cells than in control cells, probably because dynamin was 
unable to process them, despite being localized on them (Fig. 1d). 
Immunogold labelling on cryosections of energy-depleted cells 
clearly confirmed that invaginations were surface-connected (Fig. 
le, and Supplementary Fig. 7). Furthermore, the dynamic growth 
of surface-connected tubules could be imaged on energy-depleted 
live cells (Fig. 1f, Supplementary Fig. 6d, e; and Supplementary 
Movies 1-3). Cholesterol extraction, which has been described 
to affect cell entry of STxB’*, also resulted in the accumulation of 
surface-connected tubules (Fig. 1g), the length of which was 
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increased when cells were additionally energy-depleted (Fig. 1h). 
How cholesterol functions in membrane scission remains to be deter- 
mined, but resistance to detergent extraction indicated that tubular 
STxB was in a raft-like lipid environment (Supplementary Fig. 8). 
In summary, in different experimental conditions that all affect 
STxB entry into cells, STxB was localized in surface-connected 
tubules, strongly suggesting that these are intermediates of STxB 
uptake. This was directly demonstrated with evanescent field fluor- 
escence microscopy: the reversion of energy depletion by washout led 


Dynka4 
Dynk44-GFP 


Figure 1| STxB is found on endocytic membrane invaginations. a, Cy3- 
coupled STxB (20 nM, red) was bound to HeLa cells at 4 °C, a temperature at 
which no endocytosis occurs. The cells were then shifted to 37 °C for 5 min, 
fixed and stained for TfR (green). b, Incubation as in a, with HeLa cells that 
were transfected for 16h with Dyn2baK44A. GFP-tagged mutant dynamin 
protein (green) is localized on STxB-containing tubules (red). ¢, Cy3-STxB 
was imaged after incubation on live HeLa cells in the indicated conditions 
(16h Dyn2baK44A expression, 80 uM dynasore, or 3 days dynamin siRNA 
transfection). d, Endogenous dynamin can be detected on STxB-containing 
tubules in energy-depleted HeLa cells treated with deoxyglucose (DOG) and 
azide (N3). e, STXB incubation (10 min) with energy-depleted HeLa cells, 
followed by immunogold labelling for STxB (15 nm gold particles) on 
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to the scission of STxB-containing tubules (Fig. li, and Supplemen- 
tary Movie 4). 


STxB induces tubular membrane invaginations 


The presence of tubules in energy-depleted cells points to the pos- 
sibility that STxB itself induces these structures. The following 
experiment was performed to test this hypothesis. Incubation of 
energy-depleted cells with the live-cell membrane dye FM4-64 at 
37 °C in the absence of STxB (Supplementary Fig. 9) or at 4°C in 


cryosections. f, Live-cell analysis of tube formation after STxB injection at 
37 °C onto energy-depleted cells. After STxB binding to the plasma 
membrane (PM), tube growth is followed over time. g, Cells were cholesterol 
extracted with methyl-$-cyclodextrin (mBCD) and incubated with Cy3- 
STxB. h, Incubation as in g, with cells that were also energy-depleted. 

i, Tubule fate was recorded by evanescent field (EF) microscopy during 
reversion of energy depletion by washout. In the left and right columns, 
evanescent-field and wide-field (WF) images are shown for initial (10s) and 
late (270s) time points of observation. Black and white images show 
evanescent field acquisitions between these time points. a—i, Scale bars, 

5 tum, except if indicated otherwise. 
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its presence (STxB binding, Fig. 2a) revealed that no membrane 
invaginations could be detected under these conditions. Only when 
STxB was present during incubations at 37°C could FM4-64 be 
found in invaginations (Fig. 2b). We conclude that STxB did not 
diffuse into preexisting invaginations, but induced them. 

The specificity of the tubulation process was tested in two ways. 
First, we generated an STxB variant in which the Gb3 binding site II 
was inactivated by mutagenesis. The binding capacity of the W34A 
mutant is only reduced fourfold with an unchanged Ky, whereas a 
two-log reduction in cytotoxicity has been described in Vero cells’”. 
Even when used at high concentrations that ensured efficient binding 
to cells, the W34A mutant was only rarely found in tubules (Fig. 2c). 
Second, energy-depleted cells were incubated with a monoclonal IgM 
antibody against the cellular Shiga toxin receptor, Gb3. The antibody 
bound to cells, but even after cross-linking with secondary antibod- 
ies, no membrane invaginations could be detected (Fig. 2d). These 
two observations demonstrated that binding to cells alone is not 
sufficient to induce membrane deformation. 

Caveolins are peripheral membrane proteins that have been impli- 
cated in clathrin-independent endocytosis, including that of cholera 
toxin'’. We found here that caveolin] was absent from STxB- 
induced invaginations (Fig. 2e), and that these could form on two 
caveolin-free cell systems: energy-depleted human huh7 cells (Fig. 2f) 
and fibroblasts from caveolin 1 knockout mice (Fig. 2g). These results 
established that caveolin 1 was not required for the formation of 
toxin-induced invaginations. 
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Figure 2 | STxB induces tubular invaginations on cells. a, No FM4-64 (red)- 
positive invaginations can be detected in live energy-depleted cells at 4 °C, 
even in the presence of STxB (green). b, Same as a, but after a shift to 37 °C. 
FM4-64 (red) was now found in STxB (green)-containing invaginations. 

c, On incubation with energy-depleted cells, the W34A mutant (2 1M) 
induces many fewer tubular invaginations than wild-type (WT) STxB 

(20 nM), despite the fact that more W34A was bound to cells under these 
conditions, as revealed by western analysis. In the histogram, each symbol 
represents one cell; horizontal bars indicate means. Note that 55% of data 
points are on the base line (0 tubules) in the W34A condition. d, An anti-Gb3 
IgM antibody (15 yg ml '), cross-linked with secondary antibody (red), 
does not induce tubular invaginations on energy-depleted HeLa cells 
labelled for TfR (green). e, STxB-induced tubular invaginations on energy- 
depleted cells do not co-localize with immuno-stained caveolin 1. 

f, g, Tubular STxB-induced invaginations in caveolin-1-negative energy- 
depleted huh7 cells (f) or in Gb3-synthase-transfected mouse embryonic 
fibroblasts (MEF) from caveolin 1 knockout mice (g). Scale bars, 5 um. 
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Membrane invaginations on model membranes 


The cell experiments strongly indicated that STxB could induce 
membrane invaginations even when the cellular membrane deforma- 
tion machinery was inhibited. To study whether STxB induces inva- 
ginations in the total absence of cellular proteins and to analyse the 
physical and biochemical conditions of tubule formation in a con- 
trolled manner, the process was reconstituted in a minimal system. 
Cytosol-free giant unilamellar vesicles (GUVs; typical diameters of 
10-30 um) composed of 1,2-dioleoylphosphatidyl choline (DOPC; 
64 mol%; spiked with 1% Bodipyz,.-Cs-HPC, green), cholesterol (30 
mol%), and purified porcine Gb3 (5 mol%) were observed by fluor- 
escence microscopy on incubation with fluorophore-labelled STxB. 
After addition, STxB (red) bound within seconds to GUVs and was 
initially uniformly distributed (Fig. 3a, top panel, and Supplementary 
Movie 5). Spots of intense STxB labelling subsequently became 
apparent on the same GUV (Fig. 3a, middle panel, arrows). A 
decrease in membrane tension owing to GUV surface increase on 
Bodipygy-Cs-HPC photoactivation (J. Solon, personal communica- 
tion) resulted within 1 min in the formation of tubular membrane 
invaginations (Fig. 3a, bottom panel). Similar observations were 
made when membrane tension was decreased by increasing the 
osmotic pressure of the bath. Narrow tubules up to several micro- 
metres in length formed in the presence or absence of cholesterol, 
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Figure 3 | Reconstitution of tubule formation on GUVs. a, STxB (red, 

200 nM) binding at 37 °C to GUVs (upper panel) composed of DOPC 
(green), cholesterol and Gb3 (5 mol%); STxB spontaneous clustering 
(middle panel, arrows); after a decrease in membrane tension, induction of 
membrane invaginations (lower panel), which appear as coils (arrowhead) 
or spiral structures (arrow). b, Real time imaging as in a, at steady-state once 
invaginations have formed. c, The W34A mutant (200 nM) fails to induce 
tubular invaginations, despite its efficient binding to GUVs that were 
prepared as in a. d, Anti-Gb3 antibodies (15 ug ml_') do not induce 
invaginations, even when cross-linked with secondary antibodies (red). 

e, STxB induces tubules on GUVs that are made with Gb3 carrying a C22:1 
acyl chain. f, STxB fails to induce tubules on GUVs with C22:0 Gb3. Scale 
bars, 5 um. 
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with as little as 20 nM STxB and 0.1 mol% Gb3 (Supplementary Fig. 
10). Tubules often had spiral morphology (Fig. 3a, bottom panel; 
arrow), and longer ones formed supercoiled structures (arrowhead). 
These different shapes were easily identified by time-resolved 
imaging of confocal sections at the medial plane of the GUVs 
(Fig. 3b, and Supplementary Movie 6), or by three-dimensional 
reconstruction of spinning disk confocal microscopy images 
(Supplementary Movie 7). In the absence of STxB (Supplementary 
Movie 8) or Gb3 (Supplementary Fig. 10), no invaginations could be 
detected on flaccid GUVs. 

The W34A mutant (Fig. 3c and Supplementary Movie 9) and 
cross-linked antibodies against Gb3 (Fig. 3d) failed to induce tubular 
invaginations on flaccid GUVs, despite efficient binding to GUV 
membranes, mirroring the findings in energy-depleted cells (Fig. 2c, 
d), and suggesting that the invagination process requires specific 
structural conditions that are not met in the Gb3-antibody complex. 

To study the relationship between the structure of the STxB—Gb3 
complex and its function in membrane invagination, we obtained 
defined molecular Gb3 species by chemical synthesis (see Methods). 
On GUVs containing Gb3 with a C22:1 (A!) single unsaturated acyl 
chain in cis-geometry, tubule formation could readily be observed 
(Fig. 3e, and Supplementary Movie 10). In contrast, no tubules were 
formed when Gb3 was made with a saturated C22:0 acyl chain (Fig. 3f, 
and Supplementary Movie 11) or lyso Gb3 (lacking one acyl chain; 
not shown), despite efficient STxB binding to these GUVs. 

Our observations so far, and further evidence presented below, 
suggest that two concomitant, and probably related processes con- 
tribute to the formation of STxB-enriched membrane tubules, 
namely the coupling of STxB to a change of local membrane curv- 
ature (Supplementary Fig. 11) and the formation of high-density 
clusters of STxB—Gb3 complexes (Supplementary Fig. 12). The curv- 
ature question will be considered first. 

Several mechanisms—protein scaffolding, helix insertion, lipid 
composition and membrane protein shape—have been described 
to account for membrane curvature in biological systems (summar- 
ized in refs 19-21). Considering that STxB lacks intrinsic curv- 
ature”’’, and that glycosphingolipids have large polar head groups 
that are not expected to adopt negative membrane curvature, it 
seems unlikely that any of these mechanisms apply to the STxB- 
Gb3 system. In contrast, we propose that it is the specific organiza- 
tion of STxB—Gb3 complexes that imposes a preferred negative 
curvature to the membrane. STxB—which can bind up to 15 Gb3 
molecules per pentamer*’—may locally create an asymmetric com- 
pressive stress in the external leaflet of the lipid bilayer, which leads to 
membrane bending towards the protein (see schematic representa- 
tion in Supplementary Fig. 11). The findings that unsaturated Gb3 
species with voluminous lipid tails induce membrane invaginations 
(Fig. 3e), whereas saturated Gb3 species (Fig. 3f) or the binding-site 
mutant W34A (Fig. 2c and 3c) have a strongly reduced propensity to 
do so, are strong arguments in favour of this hypothesis. 


STxB clustering on cell and model membranes 


The above-mentioned curvature effect may result in large-scale 
membrane invaginations only if STxB forms high-density clusters 
and if the membrane tension is sufficiently low*® (see Supplemen- 
tary Fig. 12). In agreement with this prediction, spots of intense STxB 
labelling were frequently observed at invagination sites before tubule 
growth (Fig. 3a, and Supplementary Movies 5 and 10). When mem- 
brane invagination was prevented by keeping GUVs under high 
tension, STxB clusters reached micrometre scales (Fig. 4a, and 
Supplementary Fig. 13), suggesting that: (1) STxB clustering is inde- 
pendent of macroscopic membrane deformation, and (2) the lateral 
extension of STxB domains is limited by the invagination process. No 
STxB clusters formed on incubation of the W34A mutant with GUVs 
made with standard porcine Gb3, or on incubation of wild-type STxB 
with GUVs made with C22:0 Gb3 species (Supplementary Fig. 13). As 
described above (Figs 2c and 3c, f), the formation of membrane 
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invaginations was also inhibited under these conditions, confirming 
that the invagination and clustering processes are related. 

Atomic force microscopy on solid supported lipid bilayers was 
used to obtain high-resolution information on cluster structure. 
Protein clusters formed on the addition of STxB to membranes com- 
posed of DOPC, cholesterol and Gb3 (Fig. 4b). These structures were 
not detected in the absence of STxB (Fig. 4c) or Gb3 (not shown). The 
difference in height between protein-free and protein-covered mem- 
brane, as determined from contact mode images, was 2.3nm 
(+0.4nm, n= 27), which represents a 15% increase over the 2nm 
height that was reported from the crystal structure of STxB*’. This 
fact could be attributed to STxB-induced membrane thickening 
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Figure 4 | STxB-induced domain formation. a, Experiment as in Fig. 3a, in 
which GUVs were kept at high membrane tension (osmotic pressure of the 
bath at 300 mOsm, no photoactivation), leading to the formation of 
extended STxB clusters. b, Atomic force microscopy image of STxB binding 
(100 nM) to supported bilayers composed of DOPC:cholesterol:Gb3 
(65:30:5 mol%, respectively). STxB forms homogeneously distributed 
protein clusters. c, Experiment as in b, but in the absence of STxB. d, Laurdan 
generalized polarization images of fixed, energy-depleted cells after STxB 
binding (0 min) or after a 5 min shift to 37 °C. Red and yellow colours 
indicate high membrane order. e, Quantitative analysis of generalized 
polarization (GP) values at membrane domains enriched in STxB. Each 
symbol represents one cell; horizontal bars indicate means. STxB domains 
initially condense further when incubated at 37 °C, reaching peak 
generalized polarization values after 5 min (P < 0.01 for 5 min versus 0 min; 
Tukey’s multiple comparison test), before becoming more fluid again at later 
time points (P < 0.001 for 45 min versus 5 min). f, Generalized polarization 
values of W34A STxB-enriched domains. Mean generalized polarization 
values of W34A domains are significantly lower (P < 0.001) compared to 
wild-type STxB domains at all time points and do not increase when 
incubated at 37 °C. The mean generalized polarization value of cell 
membranes without STxB is ~0.30, suggesting that W34A does not induce 
ordered domains. g, Cholesterol depletion with mBCD has no effect on 
STxB-induced membrane condensation, with no significant differences 
between e and g at any time point. 
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owing to higher lipid density, and is consistent with the view that 
STxB exerts a compressive stress on the outer-membrane leaflet, 
ultimately leading to the invagination of free membranes. 
Furthermore, thickness mismatch provides a driving force for the 
formation of protein-rich lipid domains” (see below). STxB clusters 
seem to be smaller on supported bilayers than on GUVs, which is in 
agreement with a recent report on the influence of solid substrate 
interactions on domain size”. 

The effect of STxB clustering on cell membrane order was analysed 
by two-photon laser-scanning microscopy in conjunction with the 
polarization-sensitive membrane dye Laurdan*’. Membrane order is 
characterized by generalized polarization values ranging from —1 to 
+1 with condensed domains typically between 0.3-0.55 (ref. 31). 
Membrane reorganization was observed in energy-depleted cells. 
After binding to cells on ice and during tube formation upon a shift 
to 37 °C, STxB co-localized predominantly with ordered domains of 
high generalized polarization values (Fig. 4d). Membrane ordering 
was significantly more pronounced at early time points, concomitant 
with tubule formation (Fig. 4e, 0 versus 5 min). Analysis of global 
generalized polarization distribution revealed that the abundance of 
ordered domains was increased by STxB in all conditions, and that 
this effect was again strongest at early time points after a temperature 
shift to 37°C (Supplementary Fig. 14). Taken together, these data 
suggest that membrane ordering takes place on STxB binding, and 
peaks at the time of formation of invaginations. The W34A mutant— 
which has a strongly reduced propensity to induce invaginations in 
cells (Fig. 2c) and model membranes (Fig. 3c)—did not increase 
membrane order (Fig. 4f), consistent with its reduced clustering 
capacity (Supplementary Fig. 13). In contrast, even after cholesterol 
extraction, generalized polarization values at wild-type STxB 
domains were high and increased during a temperature shift to 
37°C (Fig. 4g), in line with the formation of invaginations under 
these conditions (Fig. 1g, h). 

The formation of STxB clusters is associated with the existence ofa 
line energy between the STxB—Gb3 complexes and the surrounding 
membrane (see schematic representation in Supplementary Fig. 12). 
Line energy occurs at interfaces between membrane regions with 
different physical properties and may stem from higher lipid order, 
as suggested by our Laurdan studies (Fig. 4d, e), and increased mem- 
brane thickness in the vicinity of STxB, as deduced by atomic force 
microscopy (Fig. 4b). Line energy alone can only explain membrane 
deformations in the micrometre size range****, and must be coupled 
to additional factors, such as the bending effects described above, to 
account for the high membrane curvatures that are typical for cellular 
membrane invaginations. Our finding that STxB domain formation 
is sensitive to steric constraints within the lipid tails under STxB 
pentamers, owing to variation of acyl chain number (W34A mutant) 
or saturation (C22:0 Gb3 species) (Supplementary Fig. 13), provides 
strong experimental evidence for a model according to which curv- 
ature-mediated interactions between STxB—Gb3 complexes could 
favour clustering*’** (see schematic representation in Supplemen- 
tary Fig. 12). The observation that STxB-induced tubules have spiral 
morphologies (Fig. 3a, b and Supplementary Movies 6, 7) further 
suggests that STxB—Gb3 complexes also impose chiral properties 
on the membrane, which constitutes another driving force for sub- 
micrometre membrane invagination®”*’. Both mechanisms may 
function in concert in the STxB-induced invagination process. 

Collectively, the findings reported here demonstrate the capacity 
of STxB to induce membrane invaginations on cell and model mem- 
branes. When STxB binds with high affinity to its glycolipid receptor 
Gb3, its membrane-ordering capacity leads to the dynamic forma- 
tion of STxB-—Gb3 cluster domains with an intrinsic propensity to 
impose negative curvature on the membrane. The lateral growth of 
these STxB—Gb3 cluster domains seems to be regulated by the inva- 
gination process, as recently proposed for membrane rafts*’. Narrow 
invaginations can form from these domains without the help of the 
cellular protein machinery. This cargo-induced mechanism may also 
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apply to other extracellular pathogens, such as viruses, and more 
generally to other types of endocytosis events, although the factors 
implicated in the formation of two-dimensional membrane micro- 
domains may differ in different contexts. Processing machineries 
would be recruited onto the invaginations to influence the dynamics 
and shapes of the forming transport intermediates. 


METHODS SUMMARY 


Immunofluorescence studies" and evanescent-field microscopy were carried 
out as described. Cells were fixed at 37 °C to maintain tubule integrity. Cellular 
energy was depleted by incubating HeLa cells in PBS* * supplemented with 10 
mM 2-deoxy-b-glucose and 10 mM NaN; for 30 min at 37 °C. Residual ATP 
levels were 2.1% (+£0.46%, n = 3) under energy block conditions, similar to a 
previous report“. Dynasore was used at 20-80 uM '!, Dyn2baK44A plasmid was 
transfected into HeLa cells for 16 h. Cholesterol was extracted using 10 mM 
methyl-f-cyclodextrin for 30 min'®. GUVs were grown using the electroforma- 
tion technique“. Supported lipid bilayers were prepared as described”, but at a 
temperature of 50 °C. Membrane order of STxB-enriched membranes was ana- 
lysed with the membrane dye Laurdan’”. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Materials. The following materials were purchased from the indicated suppliers: 
anti-dynamin antibody (BD Transduction Laboratories); anti-human-TfR 
antibody (Zymed); anti-CD77 (Gb3) antibody and all secondary antibodies 
conjugated with FITC, Cy3 and Cy5 (Beckman Coulter); 1,2-dioleoyl-sn- 
glycero-3-phosphocholine, purified porcine Gb3 (Matreya); cholesterol, 
2-deoxy-D-glucose, and sodium azide (Sigma); FM4-64 (Molecular Probes). 
Anti-CTR433 antibody was provided by M. Bornens. STxB was purified as 
previously described’. The W34A mutant was constructed by site-directed 
mutagenesis, as described*'. 

Cell culture and transfection. Dyn2baK44A plasmid was transfected into HeLa 
cells by electroporation. Cells were used 16h after transfection. Dynasore was 
used at 20-80 1M, as described'’. siRNA against dynamin 2 (GGA CAU GAU 
CCU GCA GUUdTdT) was from Proligo and was transfected according to the 
manufacturer’s instructions with Oligofectamine (Invitrogen) for 72h. 
Depletion of cellular energy and cholesterol. Cellular energy was depleted by 
incubating HeLa cells in PBS** supplemented with 10 mM 2-deoxy-p-glucose 
and 10 mM NaN; for 30 min at 37 °C. Residual ATP levels were 2.1% (+0.46%, 
n= 3) under energy-block conditions, similar to a previous report*’. The 
treatment was reversible in that energy-depleted cells resumed growth after 
removal of the energy block. Control cells were incubated with PBS *, supple- 
mented with 5mM glucose. Cholesterol was extracted using 10 mM methyl-f- 
cyclodextrin for 30 min, as described’®. 

Wide-field, confocal and evanescent-field microscopy. Immunofluorescence 
studies were carried out, as previously described*'. Cells were fixed at 37 °C to 
maintain tubule integrity. Fixed samples were examined under a confocal micro- 
scope (Leica Microsystems). For live cell imaging, HeLa cells were grown to 
subconfluence on FluoroDish chambers with integrated glass coverslips 
(World Precision Instruments). When indicated, cells were incubated in the 
presence of 5ugml' of FM4-64 dye. GUVs were transferred into a chamber 
containing various concentrations of labelled STxB or anti-Gb3 antibody in PBS 
buffer. Live-cell imaging of cells or GUVs was performed using a Zeiss inverted 
confocal microscope (LSM 510, Carl Zeiss) equipped with a Zeiss X63 PL APO 
HCX, 1.4 numerical aperture oil immersion objective. Observations were made 
at room temperature or at 37 °C. Montages were prepared using Metamorph 
Software 6.2.6 and Photoshop 7.0 (Adobe). Only Movie 6 is based on images 
recorded with a Spinning Disk Confocal Microscope from Andor. 

For evanescent-field microscopy, Alexa488-STxB (20nM) was bound to 

energy-depleted cells, which were then shifted for 15 min to 37°C in the con- 
tinued presence of the energy-depletion compounds. The cells were placed on 
the stage ofan [X71 microscope (Olympus) equipped with a Zeiss 1.45 numerical 
aperture objective. Evanescent-field illumination was obtained with a 488 nm 
laser (Sapphire, Coherent) adjusted for a penetration depth of 100 nm. Cells were 
visualized with both evanescent-field illumination and wide-field illumination 
(obtained with a xenon lamp and an excitation filter). During DOG/N; washout 
(at 37 °C), we performed time-lapse recordings with evanescent-field illumina- 
tion every 5s. After tubule disappearance, another image using wide-field illu- 
mination was taken. 
Laurdan-2 photon microscopy and data analysis. Laurdan intensity images 
were recorded with a DM IRE2 Microscope (Leica) equipped with photon- 
multiplier tubes and Leica acquisition software. Laurdan fluorescence was 
excited at 800 nm with a Verdi/Mira 900 multi-photon laser system and intensity 
images were recorded simultaneously in the emission range of 400-460 nm and 
470-530 nm**. Microscopy calibrations were performed as described pre- 
viously*’. For confocal STxB images of the same focal depth, a helium—neon 
laser was used to excite Cy3 (excitation, 543 nm; emmision, 550-620 nm) with 
appropriate cut-off filters and pinhole widths. For fixed cells, a 100X oil objec- 
tive, 1.4 numerical aperture was used; for live cells, a 63 water objective, 1.3 
numerical aperture was used. 

To calculate generalized polarization (GP) images, defined as: 


T(400—460) — l(470— 
GP = 400460) = 1470-530) 


T(400—460) + 1470-530) 

intensity images were converted into floating point format, and the GP value for 
each pixel calculated and converted back into an 8-bit unsigned format. Final GP 
images were pseudo-coloured in Adobe Photoshop (see colour scale in Fig. 4d). 

To determine GP values at sites enriched in STxB, confocal STxB images of the 
same focal depth were used to mask the GP images; the confocal images defined 
the regions of interest and the mean GP value of the regions of interest was 
determined for each image. GP values were corrected using the G-factor 
obtained for Laurdan in DMSO for each experiment”. 

To analyse changes in global membrane structure, GP distributions were 
obtained from the histograms of typically >30 GP images from a single experi- 
ment to minimize differences in Laurdan distribution between intracellular 
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membranes, normalized (sum = 100) and fitted to two gaussian distributions 
using the nonlinear fitting algorithm (Microsoft Excel). The quality of the fit was 
tested as previously described". 

GUV formation. Giant unilamellar vesicles (GUVs) were grown using the elec- 
troformation technique, essentially as previously described“. The lipid mixtures 
were prepared in chloroform at a total concentration of 0.5mg ml! with the 
appropriate lipid ratio. Vesicles were grown in a solution of sucrose (typically at a 
concentration of 298 mM) adjusted to 300 mOsm, corresponding to the osmotic 
pressure of the protein solution. The size of observed vesicles ranged between 10 
and 30 tim. The difference in density between the outside (PBS) and the inside of 
the vesicles led to their sedimentation. 

Experiments on supported lipid bilayers. Mixed lipid films were prepared by 
drying lipids dissolved in chloroform under a stream of nitrogen, followed by 3 h 
under vacuum at 60°C. Multilamellar vesicles were obtained by allowing the 
lipid films to swell in PBS at 50 °C and then vortexing several times. The resulting 
multilamellar vesicles were subsequently converted into large unilamellar vesi- 
cles by extrusion using a mini-extruder (LiposoFast, Avestin) supplied with a 
50 nm polycarbonate membrane at 50°C. The large unilamellar vesicles were 
deposited on a freshly cleaved mica plate and were incubated for 1h at 50°C. 
Surface images were obtained in an open Teflon fluid chamber using a JPK 
NanoWizard scanning force microscope (JPK Instruments). Measurements 
were performed in PBS buffer in contact/tapping mode using microfabricated 
silicon tips with a typical resonant frequency of 10/21 kHz and a nominal spring 
constant of 0.03/0.3Nm_'. Usual scan rates were set between 0.61.1 Hz. The 
image resolution was 512 X 512 pixels. Height was analysed from a number of 
areas of several images. 

Chemical methods. To synthesize the target Gb3 analogues 1-4, 3-O- 
benzoyloxyazidosphingosine is a typical acceptor for coupling with globotriosyl 
donors. The acceptor is readily available from azidosphingosine by regioselective 
silylation of the primary OH-group followed by benzoylation then desilylation”’. 
We attempted here, in Method A (below), to ensue direct regioselective acetyla- 
tion of the secondary OH-group in azidosphingosine using the triethylorthoa- 
cetate method”. Thus azidosphingosine 5 (Supplementary Fig. 15) was treated 
with triethylorthoacetate in the presence of p-TsOH to afford an intermediate 
cyclic orthoester that was opened by treatment with AcOH. Unfortunately, a 
mixture of two compounds of the same mass corresponding to 1-acetoxy and 
3-acetoxyazidosphingosines respectively was formed in the ratio of 2:1. These 
compounds were assigned easily from the COSY-spectrum in which the olefinic 
protons, centred at 5.8 and 5.5p.p.m. showed a cross signal with H-3 at 
4.13 p.p.m. in the case of 6 and at higher shift, 5.34 p.p.m. in the case of 7. To 
overcome this non-regioselective acetylation and low yield of 7, compound 5 was 
treated with thexyl chloride in pyridine at —40 °C to assist the selective silylation 
of the primary hydroxyl group followed by acetylation with Ac,O in pyridine. 
Monitoring of these two steps by TLC showed only one spot, although ensuing 
desilylation with TBAF-AcOH in THF showed a major product of lower Revalue 
corresponding to 7, and a minor product of higher Rr value corresponding to 6. 
In this way (Method B; Supplementary Fig. 15), compound 5 was acetylated with 
high selectivity at the 3-OH group and compound 7 was obtained as an alterna- 
tive to the benzoylated analogue in 68% yield over three steps along with the 
formation of 6 in 3% yield, which was separated easily by Flash chromatography. 
Compound 7 was then coupled with a known globotriaosyl trichloroacetamidate 
donor 8, for which we introduced recently a facile approach for its synthesis“, in 
the presence of TMSOTE (6 mol%) as promoter under the inverse procedure at 
temperature gradient from 0 °C to 18 °C to afford glycoside 9 in 48% yield. The 
relatively acidic conditions used to avoid formation of orthoester may be 
responsible for this moderate yield due to hydrolysis of the donor, which 
becomes a competitive reaction. The f-anomeric configuration of the newly 
formed stereogenic centre at the reducing terminal was easily deduced from 
the signal of H-2a ('H NMR) 6 4.88 (2 7.8Hz). Deacetylation of 9 under 
Zemplen conditions afforded simply the acyl free Gb3, compound 1. 

To complete the synthesis of the desired analogues 2-4, we chose the 
Staudinger reduction of the azido group of 9 in the presence of the correspond- 
ing acid either as anhydride, if commercially available like lauric anhydride, or as 
p-nitrophenyl ester in the case of docosanoic acid and erucic acid to quench the 
liberated amine as soon as it is formed, thus to avoid trans-acetylation of the free 
amine as a competitive reaction. 

To prepare the novel p-nitrophenyl esters of 10 and 11, the acids were con- 
densed with p-nitrophenol in the presence of DIEA and DCC as dehydrating 
agent to produce esters 12 and 13 in very good yields (Supplementary Fig. 16). To 
finalize the synthesis of Gb3-analogues 2-4, compound 9 was treated with PPh, 
in pyridine-H,0O and lauric anhydride to produce 14 (32%), or p-nitrophenyl 
ester 12 to yield 15 (17%), or p-nitrophenyl ester 13 to afford 16 (16%). 
Generally, acid anhydride afforded better yield than the p-nitrophenyl esters 
for which the yield in the case of lauric anhydride was in agreement with previous 
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coupling for other chains. Assignment of intermediate acetylated Gb3- 
analogues 14-16 was proven easily from MS as well as 'H NMR by virtue of 
the amide proton doublet centred at ~5.65 p.p.m. in all analogues with nearby 
Janu Values of ~9.1 Hz that were in good agreement with related known analo- 
gues of Gb3*’. Despite the low yield of amide bond formation, deacetylation of 
the available amounts of esters 14-16 under Zemplén conditions afforded the 
desired Gb3-analogues 2-4 smoothly in nearly quantitative yield to provide 
sufficient materials for studying their relation to the STx-endocytosis pathway. 
Attempts to modify the acylation step using DCC alternatives” were not sat- 
isfactory and purification was extremely difficult, data are not shown. 

General chemical methods. Solvents were purified in the usual way. Thin layer 
chromatography was performed on plastic plates Silica Gel 60 F254 (E. Merck, 
layer thickness 0.2 mm). The detection was achieved by treatment with a solution 
of 20g ammonium molybdate and 0.4g cerium(IV) sulphate in 400 ml 10% 
H2SO, or with 15% H SOx, and heating at 150°C. Flash chromatography was 
carried out on silica gel (Baker, 30-60 um), type 1 silica, or Lichroprep Si 60 
(Merck; diameter 15-25 um), type-2 silica. Optical rotation was determined at 
20°C with a Perkin-Elmer 241/MC polarimeter (1 dm cell). Nuclear magnetic 
resonance (NMR) spectra were recorded with a Bruker AC 300 DRX instrument 
with Me,Si as internal standard; J values are given in Hz. The assignment of asl 
NMR (300 MHz) spectra was based on chemical shift correlation (DQFCOSY), 
whereas the assignment of '*?C NMR (75 MHz) spectra were based on Carbon- 
Proton Shift-Correlation Heteronuclear Multiple Quantum Coherence 
(HMQC). Mass spectrometry spectra were recorded with MALDI-Kompakt 
(Kratos) using o-cyano-3,5-dihydroxycinamic acid (CHCA), whereas Fast 
Atom Bombardment (FAB) spectra were recorded with a Jeol MS700 apparatus 
from the Ecole Normale Supérieure (ENS, Paris). 

(2S,3R,4E) 1-Acetyl-2-azido-4-octadecene diol and (25,3R,4E) 3-Acetyl-2- 
azido-4-octadecene diol (6-7). Method A: a mixture of 5 (0.48 g, 1.5 mmol), 
triethylorthoacetic acid (1.0 ml, 5.4 mmol) and p-TsOH (50 mg, 0.26 mmol) in 
dry CH3CN was stirred at room temperature overnight then treated dropwise 
with AcOH (80%, 5 ml) in an ice-bath. Stirring was continued at room temper- 
ature overnight, then the mixture was co-evaporated with toluene in vacuo. The 
residue was purified by flash chromatography type 2 silica (5:1 petroleum ether: 
ethyl acetate) to yield 6 (0.24g, 44%) as colourless oil. [w]p —16.5 (c 0.29, 
CHCl); Ry 0.3 (5:1 petroleum ether:ethyl acetate); 'H NMR (CDCI;): 6 5.80 
(m, 1-H, H-5), 5.50 (dd, 1-H, J 15.4, 7.4Hz, H-4), 4.27 (dd, 1-H, Igem 11.75 Jia 
3.6 Hz, H-1’), 4.18—4.09 (m, 2-H, H-1, H-3), 3.67 (m, 1-H, H-2), 2.13 (s, 3-H, 
CH;CO), 2.11-2.03 (m, 2-H, CH5-6), 1.94 (d, 1-H, J 4.3 Hz, OH), 1.25 (m, 22-H, 
11 CH,), 0.87 (t, 3-H, J 6.0, 7.0 Hz, CHs); '*C NMR (CDCls): 6 171.80 (C = O), 
136.57 (C-5), 127.13 (C-4), 72.61 (C-3), 64.68 (C-1), 63.75 (C-2), 32.33-28.87 
[11-(CH2)-], 22.72 (CH2-6), 20.81 (CH3CO), 14.17 (CH3); (high resolution 
mass spectrum (HRMS), FAB*) m/z calculated for C2)H37N303, [M + Na]* 
390.2732. Found: 390.2733; and 7 (0.12 g, 23%) as colourless oil. [~%]p — 100.0 (c 
0.07, CHCls); Re 0.19 (5:1 petroleum ether:ethyl acetate); 'H NMR (CDCI,): 6 
5.85 (m, 1-H, H-5), 5.46 (m, 1 H, H-4), 5.35 (dd, 1-H, Jy,3 4.8, Js,4 7.9 Hz, H-3), 
3.73-3.62 (m, 2-H, H-1', H-2), 3.55 (dd, 1-H, Jgem 10.6, Ji, 4-5 Hz, H-1), 2.19- 
2.01 (m, 5-H, CH;CO, CH)-6), 1.88 (m, 1-H, OH), 1.37-1.25 (m, 22-H, 11 
CH), 0.88 (t, 3-H, J 6.2, 7.2 Hz, CH3); °C NMR (CDCl): 5 169.97 (C= 0), 
138.61 (C-5), 123.30 (C-4), 74.10 (C-3), 65.80 (C-2), 61.93 (C-1), 32.33-28.68 
[11-(CH)-], 22.69 (CH}-6), 21.11 (CH3CO), 14.13 (CH3); (HRMS, FAB*) m/z 
calculated for CyyH37N303, [M + Na]* 390.2732. Found: 390.2736. 

Method B: TDSC (0.14 g, 0.71 mmol) was added dropwise with stirring under 
Ar to a solution of 5 (0.17 g, 0.52 mmol) in pyridine (1 ml) at —40°. The mixture 
was allowed to reach room temperature gradually and then co-evaporated with 
toluene in vacuo after being stirred for 48h. The residue was purified by flash 
chromatography (20:1 petroleum ether:ethyl acetate) and the dry residue (0.2 g) 
was stirred with ACOH-pyridine (2:1, 9 ml) overnight then co-evaporated with 
toluene in vacuo. The residue was purified by flash chromatography (40:1 pet- 
roleum ether:ethyl acetate) to afford a residue (0.2 g), which was taken in dry 
THF (1 ml) to an ice bath and treated with AcOH (40 pl) and TBAF (1 M in THF, 
0.47 ml). After reaching room temperature and stirring overnight, the mixture 
was evaporated in vacuo and the residue was taken in ethyl acetate (20 ml) and 
washed with brine, dried over MgSO, and evaporated in vacuo. The residue was 
purified easily by flash chromatography as described in Method A on type 1 silica 
to afford 6 in 3% yield and 7 in 68% yield over three steps. 

(2S,3R,4E) 3-Acetoxy-2-azido-1-[(2,3,4,6-tetra-O-acetyl-a-D-galactopyranosyl)- 
(1—4)-(2,3,6-tri- O-acetyl-/-D-galactopyranosyl)-(1—>4)-(2,3,6-tri- O-acetyl-/-D- 
glucopyranoside) |-4-octadecene (9). A mixture of 7 (50 mg, 0.14 mmol), Et,O.BF; 
(1 Min DCM, 0.09 ml) and 4 A powdered MS (0.2 g) in dry DCM (1 ml) was stirred in 
an ice-bath while 8 (0.17 g, 0.16 mmol) in dry DCM (1.5 ml) was added dropwise. The 
ice-bath was removed and the mixture was stirred at room temperature overnight. 
The mixture was neutralized with Et3N, filtered through celite and evaporated in vacuo. 
The residue was purified by flash chromatography (5:1 toluene:acetone) to yield 9 
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(83 mg, 48%, rise to 65%, based on recovery of the unreacted acceptor) as yellowish 
oil. [4] + 33.3 (c0.15, CHCl); R; 0.2 (4:1 toluene:acetone); 'H NMR (CDCIs): 6 5.80 
(m, 1-H, H-5¢er), 5.56 (d, 1-H, J3,4 = Jas 2.2 Hz, H-4,), 5.43-5.34 (m, 2-H, H-4ce 
H-3,), 5.28 (dd, 1-H, J,1, 8.0 Hz, H-3..,), 5.20-5.14 (m, 2-H, H-3,, H-2,), 5.08 (dd, 
1-H, Ji,2 7.8, Jo,3 10.7 Hz, H-2y), 4.96 (d, 1-H, Ji,2 3.4 Hz, H-1,), 4.88 (dd, 1-H, J;,2 7.8, 
Jo,3 8.9 Hz, H-2,), 4.71 (dd, 1-H, Jh,3 10.9, Js, 2.3 Hz, H-3,), 4.51-4.37 (m, 5-H, H-1,, 
H-5, H-1,, H-6, H-6,), 4.14-4.04 (m, 4-H, H-6., H-6,, H-6,, H-6,), 3.99 (d, 1-H, Js, 
2.3, Jus = 1.4Hz, H-4,), 3.84-3.71 (m, 4-H, H-2cej H=1' cers H-4, H-5,), 3.63 (m, 
1-H, H-5,), 3.50 (dd, 1-H, Ju 4.9; Igem 9-7 Hz H-Icer)s 2-16-1.97 (m, 35-H, 11 
CH3CO, CH)-6e,)) 1.40-1.23 [m, 22-H, 11-(CH,)-], 0.86 (t, 3-H, J 6.1, 6.9 Hz, 
CHs); °C NMR (CDCls): 6 170.64-168.88 (11 C = O), 138.71 (C-5cer), 122.73 (C- 
Acer), 101.11 (C-1p), 100.09 (C-1,), 99.58 (C-1,), 76.24, 73.87, 73.07, 72.73, 72.52, 
71.77, 71.46, 68.91, 68.77, 68.14, 67.84, 67.04, 63.01, 61.28. 60.22 (18-C), 32.28- 
28.67 [11-(CH,)-], 21.03-20.46 (11 CH3;CO, CH5-6ce,)) 14.07 (CH); (HRMS, 
FAB*) m/z calculated for CsgHg7N3Oog, [M + Na] * 1,296.5274. Found: 1,296.5360. 

(2S,3R,4E) 2-Azido-3-hydroxy-1-[(a-D-galactopyranosyl)-(1—4)-(p-p- 
galactopyranosyl)-(1—4)-(#-p-glucopyranoside)]-4-octadecene (1). Com- 
pound 9 (0.103mg, 81 mol) was stirred with NaOMe (5.38M, 50 1) in 
MeOH (10 ml) for 24h then neutralized with Amberlite IR resin 120 (H‘ -form) 
and evaporated in vacuo. The residue was purified by flash chromatography 
(5:3:0.5 ethyl acetate:isopropanol-H,0) to yield 1 (60 mg, 92%) as amorphous 
mass. Rr 0.29 (5:3:0.5 ethyl acetate:isopropanol-H20); (MS, MALDITOF) m/z 
calculated for C3¢H¢sN3O 7, [M + Na] * 834.4211; [M + K]* 850.0322. Found: 
834.4130; 850.3851. 

General procedure for the synthesis of p-nitrophenyl esters of fatty acids 
(12 and 13) (Supplementary Fig. 16). A mixture of the acid 10 or 11 (0.6 mmol), 
p-nitrophenol (1.2 eq) and DIEA (1.2 eq) in dry THF (2 ml) was stirred at room 
temperatue while DCC (1 M in DCM, 1.2 eq) was added dropwise, and stirring 
was continued overnight until evaporation in vacuo. The residue was solubilized 
with ethyl acetate (20 ml), filtered at the pump and evaporated in vacuo. 

p-Nitrophenyl docosanoate (12). The residue was purified by flash chro- 
matography (40:1 petroleum ether:ethyl acetate) to afford 12 (82%) as colourless 
crystals. Rr 0.18 (40:1 petroleum ether:ethyl acetate); m.p. 72-73 °C; 'H NMR 
(CDCl): 8 8.25 (d, 2-H, J 9.1 Hz, H-3a,) H-5a;)s 7.26 (d, 2-H, J 9.1 Hz, H-2a,5 
H-6,,)5 2.59 (t, 2-H, J7.5 Hz, CH>CO), 1.73 (m, 2-H, CH)-3), 1.40-1.25 (m, 36- 
H, 18 CH), 0.87 (t, 3-H, J 6.0, 6.9 Hz, CHs)); '*C NMR (CDCls): 8 171.30 
(C=O), 155.52 (C-4q,), 145.21 (C-1 ay) 125.16 (C-3 ars C-5 az) 122.42 (C-2ays 
C-6,z)s 34.32 (CH»CO), 31.93-22.70 (19 CH), 14.12 (CH3). 

p-Nitrophenyl docosenoate (13). The residue was purified by flash chro- 
matography (40:1—>20:1 petroleum ether:ethyl acetate) to afford 13 (82%) as 
semisolid residue. Rr 0.32 (20:1 petroleum ether:ethyl acetate); 'H NMR 
(CDCl): 8 8.23 (d, 2-H, J 9.0 Hz, H-3,,) H-5,), 7.24 (d, 2-H, J 9.0 Hz, H-2,,5 
H-6,,), 5.33 (m, 2-H, CH = CH), 2.58 (t, 2-H, J 7.5 Hz, CH»CO), 2.00 (m, 4-H, 
CH,CH = CHCH,; ) 1.72 (m, 2-H, CH)-3), 1.26 (m, 28-H, 14 CH,), 0.86 (t, 3-H, 
6.9 Hz, CHs); ‘°C NMR (CDCl): & 171.15 (C=O), 155.42 (C-4az), 145.07 
(C-la,), 129.79, 129.73 (CH=CH), 125.03 (C-3,y C-5az)> 122.32 (C-2a,5 
C-6,;), 34.19 (CH>CO), 31.83-22.61 (17 CH), 14.03 (CHS). 

(2S,3R,4E) 3-Acetoxy-2-(dodecanoylamino)-1-[(2,3,4,6-tetra-O-acetyl-a-D- 
galactopyranosyl)-(1—4)-(2,3,6-tri- O-acetyl-f-D-galactopyranosyl)-(1—4)- 
(2,3,6-tri- O-acetyl-f-D-glucopyranoside) |-4-octadecene (14). A mixture of 9 
(36 mg, 28 mol), lauric anhydride (32 mg, 84 ttmol), PPh; (30 mg, 0.11 mmol) 
in pyridine:HO (4.5:0.5, 2.5 ml) was stirred at room temperature for 24h then 
co-evaporated with toluene in vacuo. The residue was purified by flash chromato- 
graphy (1.5:1 ethyl acetate:petroleum ether) to yield 14 (12.7 mg, 32%) as colour- 
less residue. [%]p +26.9 (c 0.13, CHCl); Rr 0.2 (1.5:1 ethyl acetate:petroleum 
ether); 'H NMR (CDCls): 5 5.76 (m, 1-H, H-5cex), 5.64 (d, 1-H, J 9.0 Hz, NH), 
5.57 (d, 1-H, J3,43.5; J45 2.3 Hz, H-4,), 5.38 (dd, 1-H, Jo,3 10.9, Jz,4 3.5 Hz, H-3.), 
5.33-5.15 (m, 4-H, H-4 er, H-3 cers H-34, H-2.), 5.09 (dd, 1-H, J, 7.8, Jo,3 10.5 Hz, 
H-2,), 4.97 (d, 1-H, J) 2 3.6 Hz, H-1,), 4.88 (dd, 1-H, J) 2 7.9, Jo3 9.2 Hz, H-2,), 4.72 
(dd, 1-H, Jp,3 10.7, Js,4 2.2 Hz, H-3,), 4.52-4.39 (m, 5-H, H-1,, H-5, H-1,, H-6p, 
H-6,), 4.30 (m, 1-H, H-2,.,), 4.16-4.02 (m, 4-H, H-6,, H-6,, H-6,, H-6,), 4.01 (d, 
1-H, Js,4* Jas < 1.0 Hz, H-4y), 3.90 (dd, 1-H, Jy',2 3-45 Igem 10.3 Hz, H-1' cer), 3.82- 
3.73 (m, 2-H, H-4,, H-5,), 3.60 (m, 1-H, H-5,), 3.53 (dd, 1-H, Ji2 4.5; Igem 
10.3 Hz, H-Ier), 2.12-2.01 (m, 37-H, 11 CH;CO, CHsCO, CH-6cer), 1.57-1.24 
[m, 40-H, 20-(CH,)-], 0.87 (t, 6-H, J 6.2, 6.9 Hz, 2 CH;); '*C NMR (CDCI): 6 
172.66-168.86 (12 C = O), 137.32 (C-5con)s 124.62 (C-4ce,), 101.09 (C-1,), 100.28 
(C-1,); 99.65 (C-1,), 76.20-60.25 (17-C), 50.44 (C-2,¢,), 36.81—22.68 [21-(CH,)- 
], 21.07-20.52 (11 CH3CO, COCH;), 14.12 (2-CH3); (HRMS, FAB*) m/z calcu- 
lated for C7pH11;NOv9, [M + Na]* 1,452.7139. Found: 1,452.7104. 

(28,3R,4E) 3-Acetoxy-2-(docosanoylamino)-1-[(2,3,4,6-tetra-O-acetyl-a-p- 
galactopyranosyl)-(1—>4)-(2,3,6-tri- O-acetyl-f-p-galactopyranosyl)-(1—4)- 
(2,3,6-tri- O-acetyl-f-p-glucopyranoside) |-4-octadecene (15). A mixture of 9 
(54mg, 42umol), 12 (60mg, 0.13mmol), PPh; (45mg, 0.17mmol) in 
pyridine:H,O (4.5:0.5, 2.5 ml) was stirred at room temperature for 24h then 
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co-evaporated with toluene in vacuo. The residue was purified by flash chromato- 
graphy (1.5:1 ethyl acetate:petroleum ether) to yield 15 (11.6 mg, 17%) as colour- 
less residue. [«]p +27.5 (c 0.12, CHCl;); Rr 0.25 (1.5:1 ethyl acetate:petroleum 
ether); 'H NMR (CDCl,): 6 5.76 (m, 1-H, H-5c¢,), 5.64 (d, 1-H, J 9.2 Hz, NH), 
5.57 (d, 1-H, Js,43.5, Ja52.2 Hz, H-4,), 5.38 (dd, 1-H, J,3 10.7, Js,4 3.5 Hz, H-3,), 
5.33-5.16 (m, 4-H, H-4¢e,, H-3 ce H-34) H-2,), 5.09 (dd, 1-H, J;, 8.5, Jo,3 11.0 Hz, 
H-2,), 4.97 (d, 1-H, Jy,2 3.1 Hz, H-1,), 4.87 (dd, 1-H, Ji, 7.5, Jo,3 9.7 Hz, H-2,), 
4.72 (dd, 1-H, Jo,3 11.3, Js,4 2.5 Hz, H-3,), 4.52-4.40 (m, 5-H, H-1,, H-5., H-1,, 
H-6,, H-6,), 4.31 (m, 1-H, H-2,.,), 4.20-4.04 (m, 4-H, H-6,, H-6,, H-6,, H-6,), 
4.00 (d, 1-H, Js4 ~ Jas <1.0Hz, H-4y), 3.90 (dd, 1-H, Jir2 3.5, Igem 9.9 Hz, 
H-1' cox)s 3.83-3.60 (m, 2-H, H-4,, H-5,), 3.61 (m, 1-H, H-5,), 3.51 (dd, 1-H, 
Tia 3-35 gem 9-9 Hz, H-1cer)s 2-21-1.98 (m, 35-H, 11 CH3CO, CH2CO, CH2-6 er), 
1.42-1.25 [m, 60-H, 30-(CH;)-], 0.87 (t, 6-H, J 5.4, 7.0 Hz, 2-CH;); °C NMR 
(CDCls): 5 172.71-168.86 (12 C= O), 137.34 (C-5cer), 124.61 (C-4cor)s 101.01, 
100.27 (C-1q, C-1p), 99.65 (C-1,), 76.59-60.25 (17-C), 50.44 (C-2cor), 36.82-22.68 
[31-(CH))-], 21.08-20.53 (11 CH;CO, COCH,), 14.13 (2-CH3); (HRMS, FAB*) 
m/z calculated for CgopH13;NO29, [M + Na]* 1,592.8704. Found: 1,592.8737. 

(28,3R,4E) 3-Acetoxy-2-(docosenoylamino)-1-[(2,3,4,6-tetra-O-acetyl-a-D- 
galactopyranosyl)-(1—4)-(2,3,6-tri-O-acetyl-$-p-galactopyranosyl)-(1—4)- 
(2,3,6-tri- O-acetyl-f-p-glucopyranoside) |-4-octadecene (16). A mixture of 9 
(54mg, 42 umol), 13 (41 mg, 32 mol), PPh; (34mg, 129 mol) in pyridine: 
H,0 (0.5:0.02, 0.52 ml) was stirred at room temperature for 24h then coevapo- 
rated with toluene in vacuo. The residue was purified by flash chromatography 
(1.5:1 ethyl acetate:petroleum ether) to yield 16 (8 mg, 16%) as colourless residue. 
[a] p +16.0 (c0.2, CHCl); R¢ 0.20 (1.5:1 ethyl acetate:petroleum ether); 'H NMR 
(CDCI): 6 5.76 (m, 1-H, H-5ce;), 5.65 (d, 1-H, J9.4Hz, NH), 5.57 (d, 1-H, Js ~ 
Ja52.6 Hz, H-4,), 5.41-5.16 (m, 7-H, H-4¢¢,5 H-3., H-3 ger H-34, H-2,, CH = CH), 
5.10 (dd, 1-H, Ji,2 7.9, Jo,3 10.5 Hz, H-2,), 4.97 (d, 1-H, Ji,2 3.5 Hz, H-1.), 4.87 (dd, 
1-H, Ji.2 8.0, Jo,3 9.2 Hz, H-2,), 4.72 (dd, 1-H, Jy,3 10.5, Js, 1.5 Hz, H-3,), 4.52-4.40 
(m, 5-H, H-1,, H-5,, H-1,, H-6,, H-6,), 4.30 (m, 1-H, H-2,.,), 4.20-4.04 (m, 4-H, 
H-6., H-6., H-6,, H-6), 4.01 (d, 1-H, Js4 1.5, Jas < 1.0 Hz, H-4,), 3.90 (dd, 1-H, 
Tr 3-25 Igem 10.02, H-1" cer), 3.82-3.74 (m, 2-H, H-4,, H-5,), 3.61 (m, 1-H, 
H-5,), 3.51 (dd, 1-H, Jiz 4.3, Jgom 10.0Hz, H-l¢er), 2.24-2.01 (m, 41-H, 11 
CH;CO, CH,CO, CH,CH = CHCH;, CH -6¢er), 1.71-1.25 [m, 52-H, 26- 
(CH))-], 0.87 (t, 6-H, J 6.8 Hz, 2-CHs); "°C NMR (CDCls): 5 172.69-168.86 (12 
C=O), 137.35 (C-5ceq); 129.91 (CH = CH-acyt); 124.61 (C-4 cox) 101.10 (C-1y); 
100.27 (C-1q), 99.65 (C-1,), 76.60-60.24 (17-C), 50.43 (C-2cer), 36.82—20.53 (30- 
CH>, 11 CH3;CO), 14.14 (2-CH;); (HRMS, FAB‘) m/z calculated for 
CgoH129NOo, [M + Na] *. 1,590.8548. Found: 1,590.8579. 

General procedure for the synthesis of compounds (2-4). A mixture of the 
ester derivative 14-16 (5 mol) in NaOMe:MeOH (0.05 M, 2 ml) was stirred at 
room temperature overnight, then neutralized with Amberlite IR-120 resin (H* - 
form) and evaporated in vacuo to afford the corresponding Gb3 derivative. 
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(2S,3R,4E) 2-(Dodecanoylamino)-3-hydroxy-1-[(a@-D-galactopyranosyl)- 
(1—4)-(f-p-galactopyranosyl)-(1—4)-(-f-b-glucopyranoside) |-4-octadecene 
(2). (97%) As amorphous yellowish mass. [%]p +8.0 (c 0.05, CHCl); Rr 0.6 
(5:3:1 ethyl acetate:'°PrOH:H,O); 'H NMR (MeOH-d,): 5 5.68 (m, 1-H, 
H-5), 5.44 (dd, 1-H, J 7.5, 15.0Hz, H-4), 4.94 (d, 1-H, J, 3.2Hz, H-1,), 
4.14-3.2 (m, 24-H), 2.19 (m, 2-H, COCH)), 2.01 (m, 2-H, = CHCH,), 1.51 
(m, 2-H, COCH>CH)), 1.28 (m, 38-H, 19 CHb;), 0.90 (t, 6-H, J 6.3, 6.9 Hz, 2 
CH;); (MS, MALDITOEF) m/zcalculated for CysHggNOjs, [M + Na] * 990.5977; 
[M + K] 7 1,006.5716. Found: 990.6281; 1,006.5989. 

(2S,3R,4E) 2-(Docosanoylamino)-3-hydroxy-1-|(a-D-galactopyranosyl)-(1—4)- 
(B-p-galactopyranosyl)-(1—4)-(f-pb-glucopyranoside) ]-4-octadecene (3). The 
residue was purified by flash chromatography (5:3:1 ethyl acetate:'*°PrOH:H,O) 
to afford 3 (97%) as amorphous yellowish mass. [%]p +19.5 (c 0.24, CHCls); Re 
0.19 (10:6:1 ethyl acetate:'*°PrOH:H»O); 'H NMR (MeOH-d,): 8 5.66 (m, 1-H, 
H-5cor)) 5.41 (m, 1-H, H-4cer), 4.94-3.20 (m, 25-H), 2.21 (m, 2-H, COCHS), 
2.01 (m, 2-H, = CHCH,), 1.57 (m, 2-H, COCH,CH,), 1.39-1.25 (m, 58-H, 
29 CH,), 0.90 (m, 6-H, 2 CH3); (MS, MALDITOF) m/z Calculated for 
CsgHio9NOjig, [M + Na]* 1,130.7542; [M + K]* 1146.7281. Found: 1,130.7555; 
1146.7381. 

(2S,3R,4E) 2-(docosenoylamino)-3-hydroxy-1-[(a-D-galactopyranosyl)-(1—4)- 
(f-p-galactopyranosyl)-(1—>4)-(f-p-glucopyranoside) ]-4-octadecene (4). The 
residue was purified by flash chromatography (6:3:2 ethyl acetate:'*°PrOH:H,0) to 
afford 4 (97%) as amorphous yellowish mass. [a%]p +13.5 (c 0.14, CHCls); Rr 0.51 
(6:3:2 ethyl acetate:'*°PrOH:H,O); 'H NMR (MeOH-d,): 6 5.68 (m, 1-H, H-5¢e,), 
5.41 (m, 1-H, H-4ce,), 5.34 (t, 2-H, J 4.7 Hz, CH = CH-acyi), 4.94 (d, 1-H, fi,2 3.0 Hz, 
H-1,), 4.41-3.34 (m, 24-H), 2.17 (t, 2-H, J 7.4 Hz, COCH;), 2.03-2.02 (m, 6-H, 
3 = CHCH,), 1.58-1.21 (m, 52-H, 26 CH»), 0.90 (m, 6-H, J 6.8 Hz, 2 CH;); (MS, 
MALDITOEP) m/z calculated for CssH1o7NOjs, [M+Na]* 1,128.7385. Found: 
1,129.1710. 
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A dual-Ca?* -sensor model for 
neurotransmitter release ina central synapse 


Jianyuan Sun’”, Zhiping P. Pang’, Dengkui Qin’, Abigail T. Fahim*, Roberto Adachi* & Thomas C. Siidhof!”” 


Ca?* -triggered synchronous neurotransmitter release is well described, but asynchronous release—in fact, its very 
existence—remains enigmatic. Here we report a quantitative description of asynchronous neurotransmitter release in 
calyx-of-Held synapses. We show that deletion of synaptotagmin 2 (Syt2) in mice selectively abolishes synchronous release, 
allowing us to study pure asynchronous release in isolation. Using photolysis experiments of caged Ca**, we demonstrate 
that asynchronous release displays a Ca? cooperativity of ~2 with a Ca?* affinity of ~44 uM, in contrast to synchronous 
release, which exhibits a Ca?* cooperativity of ~5 witha Ca?“ affinity of ~38 .M. Our results reveal that release triggered in 
wild-type synapses at low Ca?~ concentrations is physiologically asynchronous, and that asynchronous release completely 
empties the readily releasable pool of vesicles during sustained elevations of Ca2*. We propose a dual-Ca?* -sensor model of 


release that quantitatively describes the contributions of synchronous and asynchronous release under conditions of 


different presynaptic Ca?* dynamics. 


Two modes of Ca**-triggered neurotransmitter release have been 
described: fast synchronous release predominates in all synapses dur- 
ing low-frequency action-potential firing’*; slower asynchronous 
release mediates synaptic transmission in some synapses during 
high-frequency action-potential trains*’, but remains a minor com- 
ponent in other synapses’. Precise measurements of Ca*~ triggering 
of synchronous release were obtained in the calyx-of-Held synapse, 
which allows simultaneous patching of pre- and postsynaptic neu- 
rons, and enables monitoring of Ca“ currents and capacitance of 
nerve terminals*"*. Such measurements revealed that the Ca** sen- 
sor for synchronous release exhibits an apparent cooperativity of ~5, 
and an apparent K, of ~10 or ~105 1M Ca’* (refs 11 and 12). In 
vertebrate synapses, synaptotagmin 1,2 and 9 (Syt1l, Syt2 and Syt9) 
function as Ca** sensors for fast synchronous release!*"*, exhibit a 
binding stoichiometry of 5 Ca’* ions per molecule, and a micro- 
molar Ca’* affinity (note that 12 other synaptotagmins are expressed 
in the brain that do not function as Ca’ * sensors for fast release). Of 
Sytl, Syt2 and Syt9, Syt2 is a likely Ca** sensor for synchronous 
release at the calyx synapse because a mutation that decreases Syt2 
levels impairs synchronous release from calyx terminals”. 

In synapses with predominantly asynchronous release during 
high-frequency action-potential trains, asynchronous release out- 
competes synchronous release during the action-potential train*’. 
Measurements of asynchronous release suggested a higher apparent 
Ca’ affinity, but the same Ca** cooperativity as synchronous 
release***'. These properties would explain the ability of asynchron- 
ous release to out-compete synchronous release during high- 
frequency action-potential trains, because the accumulating residual 
Ca** in the train would trigger asynchronous release in the intervals 
between action potentials at Ca’* levels at which synchronous release 
cannot be induced. Consistent with this notion, Ca”* chelators such 
as EGTA block asynchronous release during high-frequency action- 
potential trains but have less effect on synchronous release**”. 
According to this view, synapses without predominantly asynchron- 
ous release during high-frequency trains, such as the calyx synapse, 
either lack asynchronous release, or have efficient Ca** buffering and 


Ca** extrusion mechanisms that prevent accumulation of residual 
Ca** (refs 23 and 24). Moreover, the similar apparent Ca** coopera- 
tivity of synchronous and asynchronous release suggested that asyn- 
chronous release could be a modification of synchronous release”, 
indicating that there are no separate universal synchronous and 
asynchronous release pathways*™*. Indeed, quantitative models of 
release that are based on the assumption of a single Ca*~ sensor are 
widely applicable'’’”. These models, however, are inaccurate at 
low Ca** concentrations; even a recently refined model that 
proposes allosterically modulated release machinery with a single 
Ca** sensor is unable to accurately predict release rates at low 
Ca** concentrations”. Thus, at present, no accurate quantitative 
model for neurotransmitter release is available. Evaluating asyn- 
chronous release and generating an accurate quantitative model for 
release is difficult because asynchronous release has primarily been 
characterized in synapses that have a strong synchronous com- 
ponent, which could have contaminated the measurements””’, 
and because the biophysical properties of asynchronous release 
remain unknown. However, these questions have wide implications 
for our understanding of synaptic transmission because an accurate 
description of asynchronous release is required for any quantitative 
model of synaptic transmission. We now provide such a description 
in the calyx-of-Held synapse, and demonstrate that asynchronous 
release represents a separate and distinct release pathway that is likely 
to be universally present in synapses. 


Syt2 knockout blocks synchronous release 

Mice lacking Syt2 initially develop normally, but perish after post- 
natal day 21 (P21). In the calyx-of-Held synapse, we detected no co- 
expression of Syt1 with Syt2 at any time between P5 and P14, or of 
Syt9 at Pll (Fig. la, and Supplementary Fig. 2). Moreover, we 
observed no compensatory increases of Syt1 in Syt2-deficient calyces, 
and found no overall change in protein composition (Fig. 1b, and 
Supplementary Figs 2-4). Thus, calyx terminals express only one 
(Syt2) of the three synaptotagmins (Sytl, Syt2 and Syt9) that serve 
as Ca*~ sensors for synchronous release'*'’, presumably because Syt2 


'Departments of Neuroscience and *Molecular Genetics, and 7Howard Hughes Medical Institute, The University of Texas Southwestern Medical Center, Dallas, Texas 75390, USA. 
*Department of Pulmonary Medicine, The University of Texas M.D. Anderson Cancer Center, Houston, Texas 77030, USA. 
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Figure 1| Calyx synapses in Syt2-deficient mice. a, b, Immunofluorescence 
analysis of brainstem sections from wild-type (a) and Syt2-deficient mice 
(b) at P11 with antibodies to synapsins 1—3 (Syn; red; left panels) and Syt1 or 
Syt2 (green; middle panels; Supplementary Fig. 2). Merged images are shown 
on the right with coincident staining in yellow (scale bar, 10 j1m, applies to all 
panels; arrows, synapses). c, EPSCs recorded in response to 25 Hz action- 
potential stimulation induced by a cell-attached presynaptic pipette 
(Vin_patch» extracellular voltage in the patched area). The inset at the bottom 
shows a superposition of wild-type and mutant traces. 
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is the fastest Ca** sensor'® and the calyx synapse is specialized for 
precise fast responses*”. 

To determine the effect of the Syt2 deletion on release, we exam- 
ined brainstem slices from 7—9-day-old mice. Using cell-attached 
patches on presynaptic calyx terminals, we induced a train of pre- 
synaptic action potentials and measured postsynaptic responses by 
whole-cell recordings. Strikingly, evoked synaptic responses in Syt2- 
deficient terminals were small and delayed, with release being 
increasingly triggered in the inter-stimulus intervals during the 
stimulus train (Fig. 1c). These responses are consistent with the 
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Figure 2 | Synaptic transmission evoked by isolated action potentials. 
Postsynaptic voltage-clamp recordings of ESPCs evoked by afferent fibre 
stimulation in wild-type (left) and Syt2-deficient calyx synapses (right) at the 
indicated [Ca”*], in the presence of 50 uM AP-5. a, Representative EPSCs. 
Boxed traces on right display scaled superimposed EPSCs to illustrate EPSC 
kinetics. b, Double-logarithmic plots of EPSC amplitudes (left panel) or 
EPSC charge transfer (right panel) as a function of [Ca**], (mean + s.e.m.; 
number of recordings/[Ca”* ].: wild-type (WT), 5/0.3 mM, 6/0.5 mM, 
6/0.7 mM, 14/2 mM, 5/10 mM; KO, 6/0.3 mM, 6/0.5 mM, 7/0.7 mM, 

17/2 mM, 6/10 mM). ¢, Summary graphs of the rise times of EPSCs recorded 
for the indicated [Ca”*],. For each Ca”* concentration, the bar depicts 
mean = s.e.m.; dots next to the bar exhibit individual data points 

(*, P< 0.05; **, P< 0.01; Student’s t-test). 
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notion that, in the absence of Syt2 as the Ca’* sensor for synchronous 
release, accumulating Ca** during the stimulus train triggers asyn- 
chronous release. 

To characterize this asynchronous release, we induced presynaptic 
action potentials by afferent fibre stimulations, and recorded excit- 
atory postsynaptic currents (EPSCs) at different extracellular 
Ca’* concentrations ({Ca**].=0.3-10mM). At 0.3-0.7mM 
[Ca?*]., wild-type and mutant terminals exhibited similar amounts 
of release (Fig. 2a, b). At2mM and 10mM [Ca’*]., however, Syt2- 
deficient terminals displayed >10-fold smaller EPSC amplitudes and 
charge transfers than wild-type terminals (Fig. 2a, b). Moreover, at 
2mM [Ca’*], (a nearly physiological concentration), Syt2-deficient 
synapses were ~3-times slower in reaching the EPSC maximum 
(Fig. 2c), and exhibited ~5-fold slower release kinetics (measured 
as the time to achieve 50% synaptic charge transfer; wild-type 
(WT) = 4.9 + 0.7 ms; Syt2 knockout (KO) = 26.8 + 1.7ms (means 
+ s.e.m.); P< 0.01; Supplementary Fig. 5). We conclude that deletion 
of Syt2 severely impairs fast synchronous release in the calyx-of-Held 
synapse, but leaves a slower, asynchronous form of Ca "-triggered 
release intact. In addition, the deletion of Syt2, like that of Sytl in 
forebrain’’, increased the frequency of miniature spontaneous release 
events but did not alter the size and kinetics of these events 
(Supplementary Fig. 6). 

A potential concern is that, because the Syt2 knockout mice die 
at P21—P24, the knockout neurons may not be healthy. However, at 
P7—P14, when we analyse the Syt2 knockout mice, the knockout mice 
are not visibly distressed, the protein composition of their brainstems 
is not detectably altered (Supplementary Fig. 4), and the basic elec- 
trical properties of the postsynaptic calyx neurons are not impaired 
(Supplementary Table 1). Thus, the changes we observe in the knock- 
out mice are probably specifically caused by the deletion of Syt2. 


Ca?* currents and readily releasable pool size 


In presynaptic terminals of the calyx of Held, action potentials gate 
Ca** influx via P/Q- and N-type Ca’* channels”*’’. Because Sytl 
interacts with Ca** channels?**°, we tested whether deletion of the 
highly homologous Syt2 impairs Ca** channel function. We simul- 
taneously patched presynaptic calyx terminals and postsynaptic 
neurons in the presence of drugs that block action-potential pro- 
pagation, AMPA(a-amino-3-hydroxy-5-methylisoxazole-propionic 
acid)-receptor desensitization, and NMDA (N-methyl-b-aspartic 
acid)-receptor activation. We then recorded presynaptic Ca*™ cur- 
rents and postsynaptic EPSCs in response to prolonged depolari- 
zation (4ms predepolarization from —80 to +80 mV followed by 
50ms depolarization to +20mV)*'. Deletion of Syt2 caused no 
detectable change in the amplitudes of presynaptic Ca”* currents, 
electrical charge transfer mediated by the Ca** channels (integrated 
over 100ms), or the J/V relationship, suggesting that Syt2 is not 
involved in regulating Ca** channels (Figs 3a—3c, and Supplemen- 
tary Figs 7 and 8). 

The 50 ms depolarization in Fig. 3a depletes the readily releasable 
pool (RRP) of vesicles by inducing a prolonged increase in intracel- 
lular [Ca”* ]; (ref. 31). Postsynaptic recordings of synaptic responses 
showed that deletion of Syt2 depressed the peak amplitude of the 
depolarization-induced EPSC ~2-fold, slowed its rise time ~3-fold, 
and increased its latency ~5-fold (Fig. 3d—f). However, the Syt2 
deletion did not alter the total synaptic charge transfer induced by 
the 50 ms presynaptic depolarization (Fig. 3g; integrated over 2s). 
Thus, deletion of Syt2 did not affect the size of the RRP, and asyn- 
chronous release induces exocytosis of the entire RRP of vesicles in 
the absence of Syt2, albeit with a slower time course. 

To compare the size of the RRP in wild-type and Syt2 knockout 
mice by an independent approach, we puffed a 2 M sucrose solution 
onto the terminal for 1s, and integrated the synaptic charge transfer 
of the induced EPSCs over 2 s (Figs 3h, i, and Supplementary Fig. 9). 
Again, no difference between wild-type and Syt2-deficient terminals 
was detected. The absolute size of the RRP determined after sustained 
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depolarization was larger than the RRP size measured by puffing of 
hypertonic sucrose (Fig. 3). This difference may be due to the distinct 
measurement conditions used (ESPCs induced by depolarization but 
not by sucrose were monitored in the presence of cyclothiazide as a 
blocker of receptor desensitization); in addition, Ca”*-dependent 
mobilization of the RRP during the depolarization may have 
increased its size during the monitoring period”. 


Cat dependence of release 


To characterize the Ca** dependence of transmitter release at wild- 
type and Syt2-deficient synapses, we determined the peak release 
rates in calyx terminals as a function of the presynaptic intracellular 
Ca** concentration [Ca**];. For Ca** concentrations of <1 uM, we 
employed two methods: (1) injection of terminals via the patch 
pipette with defined concentrations of Ca”* and Ca*~ buffers, or 
(2) with caged Ca?* (9mM DM-nitrophen, 8.6 mM CaCl, and vari- 
ous Ca’* buffers) that is released by flash photolysis with a weak laser 
pulse (Supplementary Fig. 10)'"!*°3*4, For Ca?* concentrations 
of >1 uM, we employed only the flash photolysis method with a 
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Figure 3 | RRP size, Ca?“ currents and release kinetics in Syt2-deficient 
calyx synapses. a, Experimental protocol involving a 4-ms 
predepolarization followed by a 50-ms depolarization (upper line), and 
representative traces of presynaptic Ca”* currents (Ic,2+) and postsynaptic 
EPSCs (lower traces). The inset displays an expansion of the initial phase of 
the EPSCs from wild-type (dotted line) and Syt2-deficient terminals 
(continuous line; arrow = start of Ca?* current). Experiments were 
performed by simultaneous pre- and postsynaptic voltage-clamp recordings 
in calyx terminals at P7—P9 in 0.1 [1M tetrodotoxin, 0.1 mM cyclothiazide, 
1 mM kynurenic acid and 50 uM D-AP5. b-g, Quantifications of 

Ca** current amplitudes (b), Ca?*-current electrical charge transfer 

(c, integrated over 100 ms), EPSC amplitudes (d), EPSC rise times 

(e; 20-80%), EPSC latencies (f; from onset of Ca?* current to 10% of the 
EPSC) and EPSC charge transfer (g; integrated over 2 s) induced by 
sustained presynaptic depolarization. Data shown are mean = s.e.m. (WT, 
n= 12; KO, n= 14). h, i, Representative traces (h) and summary graphs 
(i; integrated over 5s) of the electric charge transfer of synaptic responses 
induced by 1-s applications of 2 M sucrose via a glass pipette positioned 
~5 um from the calyx (mean + s.e.m.; WT, n = 10; KO, n = 11). 


©2007 Nature Publishing Group 


NATURE|Vol 450|29 November 2007 


stronger laser pulse. Flash photolysis of caged Ca”* produces a rapid 
and spatially uniform, defined rise in [Ca~*];, which we monitored 
in situ in the terminals, using co-injected Ca**-indicator dyes. 
To cover the entire range of Ca’* concentrations examined (0.1- 
15 1M), we employed three different Ca**-indicator dyes (Fura-2, 
Fura-4F and Fura-6F), and calibrated the Ca’* signals directly in the 
calyx terminals (Supplementary Fig. 10). Finally, we quantified 
vesicle exocytosis by deconvolution of evoked EPSCs, using a mea- 
sured miniature EPSC waveform to calculate the release rates*’ (see 
Methods and Supplementary Materials). 

We first elevated [Ca*~]; to concentrations of 0.05-1.0 uM. 
Increases of [Ca?*]; to <0.2 1M induced an enhancement in mini- 
ature EPSC frequency but no clearcut evoked EPSCs (Fig. 4a). At 
these Ca’* concentrations, release was slightly higher in Syt2- 
deficient than wild-type synapses (Fig. 4e), presumably because 
deletion of Syt2 increases the resting frequency of miniature EPSCs 
(Supplementary Fig. 6). At [Ca**]; of 0.2-1.0 1M, wild-type and 
Syt2-deficient synapses exhibited indistinguishable release rates, 
independent of whether the [Ca7*]; was constantly clamped with 
Ca** buffers, or acutely raised by photolysis of caged Ca** with a 
weak flash (Fig. 4, and Supplementary Fig. 11). Thus, as observed for 
action-potential-induced release at low [Ca?*]. (Fig. 2), deletion of 
Syt2 does not impair release evoked at low [Ca’*];. This result sug- 
gests that, even in wild-type synapses, release at low [Ca”™ ]; is physio- 
logically mediated by the asynchronous Ca’* sensor, a conclusion 
that is consistent with previously described properties of release 
induced by low [Ca?*]; (ref. 35). 

We next examined larger increases in [Ca”*], produced by flash 
photolysis of caged Ca*™. In wild-type neurons, a peak release rate of 
~24 vesiclesms ' was evoked when [Ca?~]; was elevated to 2 uM 
(Fig. 4c). The peak release rate steeply increased to ~1,750 vesi- 
cles ms~' when [Ca’* ]; was raised to 9.2 4M, demonstrating a very 
high Ca** cooperativity (Fig. 4d). In Syt2-deficient synapses, con- 
versely, a 2 uM [Ca?*]; rise caused release with a peak rate of 3.7 vesi- 
clems '. Elevation of [Ca’*]; to 10.5 uM only increased the release 
rate to 31 vesicles ms’ ', revealing a ~50-fold lower release rate and a 
much lower Ca’* cooperativity in Syt2-deficient synapses than in 
wild-type synapses. 

Figure 4e displays the Ca** dependence of the peak release rate 
obtained from 78 wild-type (open symbols) and 106 Syt2-deficient 
terminals (filled symbols), plotted on logarithmic coordinates (see 
Supplementary Table 2 for numerical values). Whereas at [Ca?*]; of 
<1 pM, the vesicular release rates are not decreased in Syt2-deficient 
terminals, at [Ca**];>2M, deletion of Syt2 reduced the peak 
transmitter release rate 10—50-fold compared to wild-type synapses. 
In the most dynamic range of 0.7-5.0 uM [Ca**];, the relation of 
the peak release rate to [Ca**]; follows a fifth power function 
in wild-type terminals, but only a second power function in Syt2- 
deficient terminals (Fig. 4e). At higher [Ca’*];, release saturates in 
wild-type synapses, but not in knockout synapses. Thus, whereas 
release triggered at [Ca*"],;=0.2-1.0 1M exhibits a similarly low 
Ca** cooperativity and magnitude in wild-type and Syt2-deficient 
synapses, release triggered at [Ca**]; > 1 1M exhibits a dramatically 
different Ca" cooperativity and magnitude in wild-type and mutant 
synapses. 

A potential concern with a genetic study is that a compensatory 
developmental change could lead to the expression of a non- 
physiological Ca** sensor in mutant synapses. However, release at 
low [Ca?~ ];, measured with [Ca?*]; raised by two different methods, 
is indistinguishable between wild-type and Syt2-deficient synapses. 
This fact argues strongly against such a developmental change in the 
mutant terminals because such a change should have affected the 
behaviour of Ca**-triggered release at all Ca** concentrations. 
Moreover, the good prediction of release in both wild-type and 
mutant synapses by our quantitative model described below is incon- 
sistent with such a change. 
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A dual-Ca?*-sensor model of release 


Previous Ca*~ photolysis studies on calyx synapses prompted for- 
mulation of a quantitative model of neurotransmitter release with a 
single Ca’* sensor for release (referred to here as the ‘conventional 
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Figure 4 | Relationship between peak vesicular release rates and [Ca?*]; in 
calyx terminals. EPSCs were recorded in calyx synapses in the double-patch 
configuration at P7—P9 in the presence of 50 uM D-AP5 in all experiments, 
and of 0.1 mM cyclothiazide in experiments in which release rates were 
quantified by deconvolution (for example, panels c and d), and of 2mM y- 
DGG in experiments in which [Ca**]; was raised to >3 uM (for example, 
panel d). Presynaptic [Ca”*]; increases were achieved by photolysis of caged 
Ca** dialysed into the terminal, or by dialysis of buffered Ca”* at low 
[Ca”*]. [Ca?*]; was monitored optically using three different Ca?*-sensitive 
dyes as indicated (for in situ calibration of [Ca”*];, see Supplementary 
Materials). a-d, Representative experiments in wild-type (left panels) and 
Syt2-deficient calyces (right panels) at four characteristic 

Ca** concentrations; the Ca’ *-indicator dyes used are shown on the right. 
Panels c and d also display the vesicle release rate as calculated by EPSC 
deconvolutions. e, Summary graph of peak release rates and [Ca”* ]; (n = 78 
for wild-type (open symbols), 106 for Syt2-deficient terminals (filled 
symbols); green symbols represent the data obtained by dialysis of 

Ca** buffers into the terminals via the patch pipette). The dashed line 
represents a fit of a fifth power function to the data from wild-type terminals 
at [Ca?*]; = >1uM (y = 0.90x°); the solid line represents the fit of a second 
power function to the data from mutant terminals (y = 0.54x”); note that the 
solid line also fits the wild-type responses at low [Ca?*];. 
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one-sensor model’ )'''?. These models, however, were unable to 


predict release at low [Ca**]; (Fig. 5a), presumably because this 
release—as depicted in Figs 2 and 4—is primarily carried by the 
asynchronous Ca’~ sensor. Partly to remedy this problem, and partly 
to account for the change in release induced by phorbol esters, an 
allosteric model of release was proposed” that improves prediction 
of the Ca** dependence of peak release rates (Fig. 5a). The allosteric 
model, however, also postulates a single Ca’* sensor, and underes- 
timates the time-to-peak rate at lower [Ca?*]; (Fig. 5b). To formulate 
a more accurate model, we developed a dual-Ca**-sensor kinetic 
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Figure 5|A dual-Ca?*-sensor model for neurotransmitter release. a, b, Fits 
of the Ca” * -photolysis data from wild-type and Syt2-deficient calyces for the 
peak release rate (a) and time-to-peak rate (b) to the conventional 1-sensor 
model!'””, the allosteric 1-sensor model”’, the 2-sensor model, and the 
2-sensor model with inactivation of the synchronous Ca”* sensor (see 
Supplementary Materials and Supplementary Figs 10—13 for details; RRP is 
set to 3,000 vesicles'''”). c, Reaction scheme. y1, 2, y3, rates of spontaneous, 
synchronous and asynchronous release, respectively (defined as the fraction 
of the RRP released per second); x and f, and ¥ and 6 = ko, and kog for 
Ca** action for synchronous and asynchronous release, respectively; XO—X5 
and Y0-Y2, Ca**-binding states of the Ca”* sensor for synchronous (X) 
and asynchronous release (Y), respectively (note that XOYO = RRP); 

b, cooperativity factor'’'***. The curve-fitting parameters were (only y1 
differs between wild-type and knockout): « = 1.53 X 10°M_'s ', 

B =5,800s |, b= 0.25; y = 2.94 X 10°M 's ',8=130s |, yl =0.417 X 
10 °*s | in wild type and 2.23 X 10 *s | in knockout; 2 = 6,000 s |; 

y3 = 6,000 s~ t y1 was measured experimentally, b and y2 were from ref. 11, 
and 3 was assumed to be equal to 2 on the basis of the postulate that 
Ca?" binding to the asynchronous and synchronous release Ca”* sensors 
will trigger the same release rates because both empty the entire RRP. d, Local 
[Ca**]; signal predicted by the Ca”*-relaxation model (Supplementary Fig. 
12) and transmitter release rates predicted by the dual-Ca”*-sensor model in 
wild-type (left) and Syt2-knockout calyces (right). Uppermost panels, 
measured and predicted [Ca**]; (black, and blue or red, respectively); 
middle panels, recorded EPSCs; lowest panels, vesicular release rates 
deconvoluted from EPSCs (black), and predicted by the model (blue or red). 
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model that is based on the current information (Fig. 5c). This model 
postulates that (1) synchronous release is triggered by Ca”* binding 
to aCa’* sensor with a Ca”* cooperativity of ~5, consistent with the 
Ca**-binding properties of synaptotagmins; (2) asynchronous 
release is triggered by Ca’* binding to an unidentified Ca** sensor 
with a Ca** cooperativity of ~2 (Fig. 4); and (3) spontaneous release 
occurs with an effectivity factor C to account for the change in 
spontaneous release in synaptotagmin-deficient synapses'”’? (Sup- 
plementary Fig. 6). The dual-Ca** -sensor model assumes that these 
three release pathways compete with each other, and operate on the 
same vesicle pools. 

The dual-Ca’*-sensor model allows a satisfactory description of 
all of our Ca** photolysis data, both of the Ca** dependence of the 
peak release rates and of the time-to-peak rate for wild-type and Syt2- 
deficient synapses (Fig. 5a, b). Moreover, the dual-Ca**-sensor 
model accurately predicts the kinetics of Ca**-dependent vesicle 
release in wild-type and Syt2-deficient calyx synapses (Fig. 5d, e, 
and Supplementary Fig. 13). The dual-Ca**-sensor model calculates 
that synchronous release exhibits an apparent Ca’ affinity of 
~38 UM, a Ca** cooperativity of ~5, and an apparent k,, rate of 
“%=1.53 10°M_'s ', and that asynchronous release exhibits a 
similar apparent Ca’ affinity of ~44,1M, but a much lower 
Ca** cooperativity of ~2, and a ~50-fold slower ky rate of 
x = 2.94 10°M7's”! (Fig. 5). 

Our parameters for synchronous release are squarely in the middle 
between the two previous estimates in calyx synapses''’, but our 
parameters for asynchronous release differ from previous sugges- 
tions*””’, probably because previous suggestions were based on extra- 
polations of asynchronous release in the continued presence of 
synchronous release, which may have contaminated the estimates. 
Although the dual-Ca**-sensor model thus reveals that asynchronous 
release exhibits a relatively low apparent Ca’ ~ affinity and release rate, 
the model still predicts that asynchronous release is the major physio- 
logical mode of synaptic transmission at low [Ca ~ ]; because its lower 
degree of Ca’* cooperativity renders asynchronous release more 
effective at low [Ca**];. At high [Ca?*];, conversely, synchronous 
release dominates because the predicted k,,, for synchronous release 
is ~100-fold higher than that for asynchronous release (Fig. 5). 


Summary 


Here we show that among synaptotagmin isoforms that act as 
Ca** sensors for synchronous release'’, calyx terminals only express 
Syt2 (Fig. 1, and Supplementary Fig. 2). We demonstrate that in calyx 
terminals, Syt2 is essential for Ca** triggering of fast synchronous 
release (Fig. 2), but not for Ca’* influx or vesicle priming (Fig. 3). 
Thus, Syt2—as suggested for Sytl in forebrain synapses'’—is 
selectively required for Ca’* triggering of fast release in calyx- 
of-Held synapses. We show that although asynchronous release 
contributes little to action-potential-induced vesicle exocytosis in 
wild-type calyx synapses at physiological [Ca**];, asynchronous 
release triggers exocytosis of the entire RRP on prolonged increases 
in [Ca**]; in Syt2-knockout calyx synapses (Fig. 3). Therefore, syn- 
chronous and asynchronous release act on the same vesicle pools. 
Moreover, release at low [Ca]; exhibits a similar magnitude and 
Ca** dependence in wild-type and Syt2-deficient synapses, suggest- 
ing that release at low [Ca’’ ]; is normally asynchronous, and that 
asynchronous release does not change in the knockout mice. 
Traditionally, asynchronous release is explained by three compet- 
ing hypotheses: (1) asynchronous and synchronous release share 
the same Ca’* sensor, but differ in the coupling of vesicles to 
Ca?* channels, the state of the vesicles, and/or the Ca’* -buffering 
mechanisms involved***>**’’; (2) synchronous and asynchronous 
release are mediated by the same Ca’* sensor but use different, allo- 
sterically regulated vesicle pools**’; or (3) different Ca** sensors with 
distinct properties mediate synchronous and asynchronous release’. 
Clearly the distance between synaptic vesicles and Ca** channels 
is a major determinant of the vesicular release probability, and 
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differences in the Ca** channel proximity of vesicles probably 
contribute to the vesicles’ heterogeneity of release probabilities”. 
Moreover, undoubtedly, different pools of vesicles exist and con- 
tribute to the heterogeneity of release probabilities at a synapse. 
Nevertheless, these differences are probably unrelated to the differ- 
ences between synchronous and asynchronous release, but are rather 
involved in regulating all release. Indeed, the following findings 
suggest that synchronous and asynchronous release are caused by 
independent mechanisms. 

@ Synchronous and asynchronous release exhibit qualitatively dif- 
ferent properties, as shown by the unexpectedly low Ca’* affinity and 
distinctly low Ca** cooperativity of asynchronous release, and by its 
persistence after synchronous release was selectively eliminated on 
deletion of Syt2 (Fig. 4). 

@ Asynchronous release is independent of the proximity of synaptic 
vesicles to Ca** channels, because our flash photolysis experiments 
produce a uniform increase in [Ca**], that bypasses Ca?*-channel 
activation (Fig. 4). 

@ Single-Ca**-sensor models 
higher [Ca’*]; but are unable to account for release at low [Ca 
Even the sophisticated allosteric model** underestimates the time-to- 
peak release rate at low [Ca?*]; (Fig. 5b). 

@ Release in wild-type and Syt2-deficient terminals is identical at 
low [Ca’*]; (Figs 2 and 4), suggesting that this type of release is 
physiologically asynchronous. Moreover, asynchronous release 
becomes apparent during high-frequency action-potential trains in 
wild-type calyx synapses (Supplementary Fig. 14), consistent with 
studies of the precise kinetics of individual EPSCs demonstrating 
that asynchronous release in the calyx normally occurs even during 
isolated action protentials*”. 

The definition of the biophysical properties of asynchronous, Ca" - 
triggered release made it possible to formulate a quantitative model 
for neurotransmitter release that probably applies to all synapses 
(Fig. 5). Our model indicates that the Ca?” sensors for synchronous 
and asynchronous release operate in competition with each other, 
with the asynchronous Ca*~ sensor being slower but able to bind 
Ca’* at lower concentrations, whereas the synchronous Ca?* sensor 
is faster with a higher Ca** cooperativity. As a result, in this competi- 
tion, the synchronous Ca*~ sensor ‘wins’ during pulses of high 
Ca’* concentrations, whereas the asynchronous Ca’~ sensor prevails 
during sustained phases of lower Ca”* concentrations (Fig. 5). Within 
this framework, differences between synapses are primarily deter- 
mined by which synaptotagmin isoform is being used as the 
Ca** sensor for synchronous release'’, and by the accumulation of 
residual Ca** in the intervals between action potentials during stimu- 
lus trains (that is, by the Ca’*-buffering properties of a nerve ter- 
minal)*****". It is of interest here that, fittingly, the calyx terminals 
with their exquisitely fast-release properties use as the synchronous 
Ca’ sensor only Syt2, the fastest of the three Ca~~ sensors"*. 


"12 adequately describe release at 


2m). 
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METHODS SUMMARY 


Syt2-knockout mice were bred and genotyped as described’. Brain slices 
(200 jtm) containing MNTB were prepared in a parasagital orientation from 
P7—P9 mice (for double-patch or presynaptic cell-attached recording), or in a 
transverse orientation from P10—P14 mice (for fibre stimulation and purely 
postsynaptic recordings), and employed for single and/or double whole-cell 
recordings of nerve terminals and MNTB neurons with presynaptic electrical 
stimulation or stimulation by Ca** uncaging or Ca’ dialysis, largely as 
described''"!?3!*4?, Ca?* uncaging was achieved with an intense ultraviolet radi- 
ation pulse from a frequency-tripled YAG-ND laser, and the resulting 
Ca’* concentrations were measured in situ by ratiometric fluorescence imaging 
of nerve terminals filled with Fura-2, Fura-4F, or Fura-6F (Supplementary 
Fig. 10)**"3, Ca** dyes were calibrated in situ. Release rates were calculated using 
the Neher deconvolution program (http://www.mpibpc.mpg.de/groups/neher/ 
software/index.html) with a miniature EPSC size of 30 pA and a measured wave- 
form’. We applied the different kinetic models to fit the data in our experiments 
(Fig. 5a, b, and Supplementary Figs 11 and 13), with the conventional and 
allosteric single-Ca*'-sensor kinetic models simulated as described!'!??° 
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(Supplementary Fig. 13). In our dual-Ca’*-sensor model, each vesicle in 
the RRP can be released via three independent pathways (Fig. 5): (1) Ca?*- 
independent fusion in the spontaneous mode, that is, direct exocytosis of vesicles 
from the RRP with a release rate of y1. An effectivity factor (C) to account for the 
change in spontaneous release rate in Sytl- and Syt2-deficient synapses was 
included; (2) synchronous Ca?*-evoked fusion mode triggered by full occu- 
pancy of the five binding sites of the synchronous release Ca** sensor'?”5; or 
(3) asynchronous Ca’*-evoked release triggered by occupancy of two Ca**- 
binding sites of an unidentified Ca”* sensor. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Syt2-knockout mice. Syt2-deficient mice were bred and genotyped as 
described’’ (see Supplementary Materials for detailed methods). All analyses 
were performed on littermate offspring from heterozygous matings (‘wild-type 
mice’ refers to those that are homo- or heterozygous for the wild-type allele). 
Slice electrophysiology. All experiments involved postsynaptic whole-cell 
recordings with an Axopatch 200B amplifier (Axon Instruments). Presynaptic 
whole-cell recordings were obtained with an EPC-9 amplifier (HEKA). The pre- 
and postsynaptic series resistances (<15 MQ and 7 MQ) were compensated by 
60% and 98% (lag 10 Us), respectively. Both pre- and postsynaptic currents were 
low-pass-filtered at 5 kHz and digitized at 20 kHz. Six recording configurations 
were employed (see Supplementary Materials for details): (1) Presynaptic cell- 
attached current injections to induce presynaptic action-potential trains with 
postsynaptic whole-cell recordings that monitor the evoked EPSCs (Fig. Ic). 
Stimulations were applied as 40 presynaptic current injections of 1 nA for 3 ms 
at 50 Hz. (2) Presynaptic afferent fibre stimulations with postsynaptic whole-cell 
voltage-clamp recordings (Fig. 2). Stimuli were applied with a bipolar electrode 
delivering 3-30 V for 0.1 ms. (3) Double-patch recordings by simultaneous pre- 
and postsynaptic whole-cell voltage-clamp recordings to measure the presynap- 
tic RRP and Ca’* currents (Figs 3a—g). Stimulations consist of a presynaptic 4 ms 
predepolarization to 70-80 mV, followed by 50 ms depolarization to 20 mV. (4) 
Sucrose stimulation with postsynaptic whole-cell voltage-clamp recordings to 
measure the RRP (Fig. 3h, i). Stimulation involves puffing 2 M sucrose in bath 
solution onto the target terminal with a pipette that is located about 5 jum from 
the calyx. (5) Double-patch experiments for simultaneous measurements of 
presynaptic [Ca?*]; and postsynaptic ESPCs with manipulation of the pre- 
synaptic [Ca’*]; (Fig. 4). Stimulations were effected either by dialysis of Ca*- 
containing solutions into the terminal via the presynaptic pipette (Fig. 4e, and 
Supplementary Fig. 11a, b), or by flash photolysis of DM-nitrophen/Ca** (Fig. 4, 
and Supplementary Fig. 1 1c). Release rate was estimated by deconvolution’. (6) 
Mini recordings (Supplementary Fig. 6 and Supplementary Methods). 

All recordings were performed in the presence of 50 1M D-AP5 in the bath; in 
addition, for the double-patch experiments in (3) and (4), we added 0.1 mM 
cyclothiazide and 1mM kynurenic acid or 2mM y-DGG when strong flash 
photolysis was given, resulting in [Ca**]; of >3 |1M, in which case the obtained 
EPSCs were multiplied by 2 because control experiments determined that 2 mM 
y-DGG decreased the EPSC amplitude twofold. 

Ca** uncaging and Ca’* imaging. The Ca**-uncaging and Ca’*-imaging 
setup (Supplementary Fig. 5a) used an intense ultraviolet radiation pulse from 
a frequency-tripled YAG-ND laser (355nm, Surelite I, Continuum) for 
Ca’* uncaging. Ca’* concentrations were measured in situ by ratiometric 
fluorescence imaging of nerve terminals filled with Fura-2, Fura-4F or Fura-6F 
(refs 34, 43). Ca’* -indicator dyes were excited with an ultraviolet light source at 
340 nm and 380 nm (energy $175 W) using a monochromator (DG-4, Sutter 
Instrument). The laser pulse was coupled into the epifluorescence port of an 
Axioskop and combined with the ultraviolet light using a beam-splitter (custo- 
mized 90%T/10%R for 355nm with a bandwith of <10nm, Chroma Tech). 
Both ultraviolet beams were collimated to optimize the intensity on the targeted 
terminal. A charge-coupled device camera (ORCA-ER) with on-chip binning 
was used to capture infrared images (300 X 300 pixels) and Ca** images 
(19 X 19 pixels) of the terminal (Supplmentary Fig. 9b, c). The fluorescence in 
the measuring area with background fluorescence subtraction (off-line) was used 
to calculate the [Ca’*];. Images were captured using MetaFluor software and 
analysed by IgorPro (Wavemetrics). For in vivo calibration of Ca”* -indicator 
signals, we introduced Ca’* indicators with an intracellular K-gluconate pipette 
solution into the terminal (see Supplementary Materials). For Fura-2 imaging, 
we used exposure times of 30 ms (in photolysis experiments) and 100 ms (for 
defined [Ca**] solution injection experiment) with a 2 Hz capture rate. For 
Fura-4F and Fura-6F imaging, we used 10 ms exposure times with 2 Hz capture 
rates before the flash, and 10-30 Hz capture rates after the flash. Ca?" relaxation 
rates were modulated by the ultraviolet-light-illumination during the ratio- 
metric Ca’*-imaging procedure, which was thus adjusted to maintain stable 
Ca** levels (see Supplementary Materials). 

Data processing and modelling. Release rates were calculated using the Neher 
deconvolution program (http://www.mpibpc.mpg.de/groups/neher/software/ 
index.html) with a mEPSC size of 30 pA and a measured waveform’”’. 
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Modelling. We applied different kinetic models to fit the data in our experiments 
(Fig. 5a, b). The conventional one-Ca?* -sensor kinetic model and the allosteric 
one-Ca’*-sensor kinetic model were simulated as described'!!”*> (see Supple- 
mentary Fig. 13 legend). In our dual-Ca’ *-sensor model, each vesicle in the RRP 
can be released via three independent pathways: (1) Ca”*-independent fusion 
in the spontaneous mode, that is, direct exocytosis of vesicles from the RRP 
with a release rate of y1. An effectivity factor (C) to account for the change in 
spontaneous release rate in Syt] and Syt2-deficient synapses was included. (2) 
Synchronous Ca’*-evoked fusion mode triggered by full occupancy of the five 
binding sites of the synchronous release Ca?* sensor'??°. (3) Asynchronous 
Ca’*-evoked release triggered by occupancy of two Ca**-binding sites of an 
unidentified Ca”* sensor. The Ca”* -binding states can be defined by XnYm(1), 
where Xn represents the state in which n binding sites of the Ca’* sensor for 
synchronous release have been occupied (n = 0-5), and Ym the state in which m 
binding sites of the Ca** sensor of asynchronous release have been occupied 
(m= 0-2). « and B represent the binding and dissociation constants, respec- 
tively, of the Ca** sensor for synchronous release; y and 6 the binding constants 
for asynchronous release, respectively, b is the cooperativity factor, and t is the 
time*’. Note that XOY0(0) = RRP. The kinetics of Ca’*-binding states can be 
described as (Fig. 5c): 

when 0<n<5,0<m<2, 


d(XnYm)/dt = o X (5 — n+ 1) X Xn—1YmX [Ca**], + B X b” X (n+ 1) X 

Xn+1Ym— 0X (5—n) X XnYmX [Ca?*]; -— B Xb" | X 2X XnYm+ 

xy X (2—m+1) X XnYm— 1X [Ca**];+ 8 Xb” X (m+ 1) X XnYm+1— 
x X (2-m) X XnYmxX [Ca**],;-58Xb™ | X mX XnYm 


when n= 0, m=0, 


d(X0Y0)/dt = B X X1YO0 — 5 & & X XOYO X [Ca**]; + 8 X XOYI — 
2X y X XOYO X [Ca?*]; — yl X XOYO 


when n=5, 


d(XnYm)/dt = 0 X (5 — n+ 1) X Xn—1¥mX [Ca?*], + 
BXb" xX (n+ 1) X Xn+ 1¥m—oX (5 — n) X XnYmX [Ca**],— 
BX b"! xX 2X Xn¥m + xX (2— m+ 1) X Xn¥m— 1X [Ca?*]; + 
5X b™ x (m+ 1) X Xn¥m +1 — x X (2 — m) X XnYm X [Ca**]i - 

3x b"™| x mX XnYm— y2 X (XnYm) 


when m= 2 


d(XnYm)/dt = « X (5 — n+ 1) X Xn— 1Ym*X [Ca**]; + B X b"X 

(n+ 1) XXn+ 1¥m— 0X (5-1) X XnYmX [Ca**],-B Xb” 1X 

n& Xn¥m+ yx X (2— m+ 1) X XnYm— 1X [Ca**], +5 Xb” X 

(m+ 1) X XnYm+1—yX (2—m) X XnYm& [Ca?*];- 5X b™ | X 
mX XnYm— y3 X (XnYm) 


The total release within At 


fuse(t,At) = [yl X XOYO + y2 X (X5Y0 + X5Y1 + X5Y2) + 
y3 X (XOY2 + X1Y2 + X2Y2 + X3Y2 + X4Y2 + X5Y2)] x At 


where, 


spontaneous release = yl X XOYO X At 


synchronous release = y2 X (X5Y0 + X5Y1 + X5Y2) x At 


asynchronous release = y3 X (XOY2 + X1Y2 + X2Y2 + X3Y2 + X4Y2 + X5Y2) x At 


Miscellaneous. Immunofluorescence labelling and immunoblotting experi- 
ments were performed essentially as described'’. All statistical analyses were 
performed using Student’s test. 
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Determining the architectures of 
macromolecular assemblies 


Frank Alber’*, Svetlana Dokudovskaya**+, Liesbeth M. Veenhoff**+, Wenzhu Zhang’, Julia Kipper’t, 
Damien Devos'+, Adisetyantari Suprapto*+, Orit Karni-Schmidt?+, Rosemary Williams’, Brian T. Chait®, 
Michael P. Rout? & Andrej Sali’ 


To understand the workings of a living cell, we need to know the architectures of its macromolecular assemblies. Here we 
show how proteomic data can be used to determine such structures. The process involves the collection of sufficient and 
diverse high-quality data, translation of these data into spatial restraints, and an optimization that uses the restraints to 

generate an ensemble of structures consistent with the data. Analysis of the ensemble produces a detailed architectural map 
of the assembly. We developed our approach on a challenging model system, the nuclear pore complex (NPC). The NPC acts 
as a dynamic barrier, controlling access to and from the nucleus, and in yeast is a 50 MDa assembly of 456 proteins. The 
resulting structure, presented in an accompanying paper, reveals the configuration of the proteins in the NPC, providing 


insights into its evolution and architectural principles. The present approach should be applicable to many other 


macromolecular assemblies. 


A mechanistic understanding of the cell requires the structural char- 
acterization of the thousands of its constituent biological assemblies’. 
So far, conventional approaches have provided a valuable but limited 
window into the structures of these assemblies. For example, X-ray 
crystallography and nuclear magnetic resonance (NMR) spectro- 
scopy can resolve the atomic details of individual proteins and small 
complexes, whereas electron microscopy produces morphological 
maps but can lack the ability to identify and detail specific compo- 
nents in the map of the whole assembly. As a result, we do not yet have 
atomic-resolution structures, or even low-resolution representa- 
tions, for the vast majority of complexes in the cell. How, then, are 
we to resolve the molecular architectures of these assemblies? 

In an attempt to address this problem, we have taken the yeast 
(Saccharomyces cerevisiae) nuclear pore complex (NPC) as a case in 
point. The NPC is among the largest macromolecular assemblies in 
the cell, mediating the exchange of molecules that pass between the 
nuclear and cytoplasmic compartments. Yeast NPCs are ~50 MDa 
structures built of multiple copies of some 30 different proteins 
(nucleoporins), totalling at least 456 protein molecules*. Each NPC 
is a plastic structure embedded in the nuclear envelope and is com- 
posed of eight morphologically similar ‘spokes’ surrounding a central 
tube*®. Filling this tube and projecting into both the cytoplasmic and 
nuclear sides are flexible filamentous domains from proteins termed 
FG (phenylalanine-glycine) repeat nucleoporins; these domains 
form the docking sites for transport factors that carry macromole- 
cular cargoes through the NPC. 

The NPC represents a significant challenge for conventional struc- 
ture determination approaches owing to its large size and the high 
degree of flexibility of the complex and its components. Thus, 
although electron microscopy has provided valuable insights into 


the overall shape of the NPC, its molecular architecture (that is, 
the spatial configuration of its component proteins) has yet to be 
revealed, and atomic structures have only been solved for domains 
covering ~5% of its component protein sequences’. The NPC 
therefore encapsulates many of the obstacles that will be encountered 
in the detailed structural examination of other macromolecular 
assemblies. 

We describe here a set of proteomics experiments and a computa- 
tional platform for converting the resulting data into the structures of 
macromolecular assemblies. Central to this approach is the realiza- 
tion that many kinds of biophysical and proteomic data contain 
valuable structural information about assemblies. 


Overview of integrative structure determination 


Our approach to structure determination can be seen as an iterative 
series of four steps: data generation by experiment, translation of the 
data into spatial restraints, calculation of an ensemble of structures by 
satisfaction of these restraints, and an analysis of the ensemble to 
produce the final structure (Fig. 1). The structure calculation part 
of this process is expressed as an optimization problem, a solution of 
which requires three main components: (1) a representation of the 
assembly in terms of its constituent parts; (2) a scoring function, 
consisting of individual spatial restraints that encode all the data; 
and (3) an optimization of the scoring function, which aims to yield 
structures that satisfy the restraints. 

Formally, our approach is similar to the determination of protein 
structures by NMR spectroscopy, in which the folding of the 
polypeptide chain is determined by satisfying distance restraints 
between pairs of atoms*. As with NMR spectroscopy, a structure is 
computationally determined from experimental data. Here, atoms 
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are replaced by proteins, and their positions and relative proximities 
are restrained on the basis of data from a variety of proteomics 
and other experiments, including affinity purification, ultracentrifu- 
gation, electron microscopy and immuno-electron microscopy 
(immuno-EM). 

Data generation. The most important aspect of our approach is its 
potential to use simultaneously almost any conceivable type of 
information to determine assembly structures. For example, sedi- 
mentation analysis of the isolated proteins can be used to infer their 
shapes; immuno-EM can give an approximate localization of each 
protein in the assembly; and affinity purification of tagged proteins 
and protein complexes can yield information about the arrangement 
and interactions of proteins within the assembly. These data can be of 
a kind not normally used for structure determination (for example, 
complexes identified by affinity purification), can refer to different 
levels in the structural hierarchy (for example, a protein domain, a 
whole protein, or a protein complex), and can be ambiguous in terms 
of their structural interpretation (for example, the uncertainty as to 
which copy of the protein is involved in an interaction, when mul- 
tiple copies exist). 

The use of such data for structure determination presented us with 
four major challenges. First, large amounts of suitable data must be 
collected to give sufficient spatial information to define structures; 
fortunately, the proteomic revolution has provided methodologies 
that allow us to garner enough information. Second, much of the data 
can be of relatively low precision; thus, to avoid over-interpretation, 
appropriate tolerances must be used in its structural interpretation. 
Third, the possibility of false-positive data must be minimized and 
taken into consideration. Fourth, ambiguity of the data in terms of its 
structural interpretation must be treated when multiple copies of the 
same protein are present in an assembly and the experiment does not 
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Figure 1| Determining the architecture of the NPC by integrating spatial 
restraints from proteomic data. First, structural data (red) are generated by 
various experiments (black). Second, the data are translated into spatial 
restraints. Third, an ensemble of structural solutions that satisfy the data are 
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determine which specific instance of a protein is detected. All of these 
challenges can be addressed by an integrative approach that incorpo- 
rates information varying greatly in terms of its accuracy and pre- 
cision; limitations of any particular type of data can be overcome by 
the use of large and diverse data sets derived from synergistic experi- 
mental methods’. 

Data translation into spatial restraints. The data can be used to 
restrain many different features of the assembly, such as the positions 
of proteins, protein contacts, proximity between proteins, and the 
shape and symmetry of the whole assembly. A ‘restraint’ specifies 
values of the restrained feature that are consistent with the experi- 
mental information about it; a perfectly satisfied restraint is indicated 
here by 0, whereas values larger than 0 correspond to a violated 
restraint. Thus, a restraint encodes our uncertainty in the restrained 
feature. In essence, restraints can be thought of as generating a ‘force’ 
on each component in the assembly, to mould them into a config- 
uration that satisfies the data used to define the restraints. 
Optimization. All the restraints are summed to obtain a scoring 
function, which determines the degree of consistency between the 
restrained spatial features in a structure and the experimental 
information; a perfect structure is indicated by 0, reflecting the 
summed values of perfectly satisfied restraints, whereas values larger 
than 0 correspond to a structure that increasingly violates restraints. 
The scoring function is then optimized to calculate a structure that 
minimizes violations of the restraints. It is necessary to generate 
many such structures to provide a good sampling of structures that 
are consistent with the data (that is, the “ensemble’). 

Ensemble analysis. All of the structures that satisfy the input 
restraints are clustered into distinct sets, on the basis of their similar- 
ities. There are three possible outcomes of such clustering. First, if 
only a single cluster of structures satisfies all the input information, 
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obtained by minimizing the violations of the spatial restraints, starting from 
many different random configurations. Fourth, the ensemble is clustered 
into distinct sets of structures on the basis of their similarities, and analysed 
in terms of protein positions, contacts and configuration. 
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there is probably sufficient data for determining the unique native 
state. Second, if different clusters are consistent with the input 
information, either the data are insufficient to define the single native 
state or there are multiple native structures. If the number of clusters 
is small, the structural differences between them may suggest addi- 
tional experiments so as to narrow down the possible solutions. 
Third, if no structures satisfy all input information, either the data 
or their interpretation in terms of the restraints is incorrect. Given the 
first two outcomes, the ensemble can be analysed to determine dif- 
ferent aspects of the native state, such as protein positions, contacts 
and configuration. The variability of the ensemble provides an estim- 
ate of the precision of the structure determination. 

We illustrate our approach by determining the configuration of 
the protein components in the NPC from the yeast S. cerevisiae 
(Fig. 1). 


Data generation 


As no single experimental technique has been sufficient to solve the 
molecular architecture of the NPC, we used a variety of techniques, 
each of which gave different and synergistic information about the 
structure; the techniques were chosen to generate the needed struc- 
tural information with a defined level of accuracy. 

An NPC component list. To determine any structure, we must first 
define its parts (Fig. 2). In the case of the NPC, we have already 
determined that some 30 nucleoporins constitute the assembly’. 
Although the exact composition is still uncertain because some pro- 
teins interact relatively transiently with the NPC, potential omission 
of a small fraction of such transient components is unlikely to inter- 
fere with structure determination. 

The stoichiometry of each component in the NPC. The stoichi- 
ometry of each nucleoporin in each half-spoke has been previously 
established*. However, having found the stoichiometry of Nup82 to 
be ambiguous, we re-examined it with new strains and found that 
Nup82 is present in two copies per spoke (Fig. 3 and Supplementary 
Fig. 7). 

The shape and size of each component. Next, we must represent the 
structures of the constituent nucleoporins. Because atomic structures 
have not yet been solved for most nucleoporins, we estimated their 
shapes based primarily on their sedimentation coefficients deter- 
mined by ultracentrifugation of the purified proteins (Fig. 3 and 
Supplementary Information). The sedimentation behaviour of most 
FG nucleoporins agrees with their predicted filamentous, native dis- 
ordered structure’*''. Pom152, an integral membrane component, 
appeared to be a highly elongated structure, consistent with its mul- 
tiple domains modelled as B-cadherin-like folds’. Most of the other 
nucleoporins appear to have a relatively compact tertiary structure 
that is again in agreement with their predicted fold assignments””’. 
The seven-protein Nup84 complex’ could be separated into two 
smaller complexes on sedimentation: an elongated tetramer (com- 
posite 30, see below) and an elongated hexamer (composite 45, see 
below), consistent with their elongated appearance when visualized 
by electron microscopy™. 

The size, shape and symmetry of the NPC. It is also helpful to have 
some information on the overall shape and symmetry of the NPC. 
The position of the nuclear envelope membrane relative to the NPC 
and the NPC’s symmetry are based on our electron microscopy and 
cryo-electron microscopy (cryo-EM) data®. These studies have 
revealed an eight-fold rotational symmetry of the yeast NPC and 
an approximate two-fold rotational symmetry between the nucleo- 
plasmic and cytosolic halves of the NPC, defining the ‘half-spoke’ as a 
16-fold pseudo-symmetry unit of the NPC (Fig. 2). We have also 
previously shown that heparin treatment of isolated NPCs produced 
a ring-like substructure (‘Pom rings’), which is associated with the 
pore membrane and perinuclear space in the intact NPC’*. We iso- 
lated and examined these rings (Supplementary Information), and 
found that they had a maximum diameter of ~106 nm, consistent 
with the measured maximum NPC diameter of ~97 nm’. 
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The localization of each component in the NPC. We have previously 
obtained the coarse localization of most nucleoporins within the NPC 
by immuno-EM, relying on a gold-labelled antibody that specifically 
interacted with the localized protein through its carboxy-terminal PrA 
tag (Fig. 4a)’. We have now generated a more accurate and complete 
immunolocalization map of the NPC, in which its constituent pro- 
teins, except Secl3, have been localized using a larger data set and 
improved analysis (Fig. 4b and Supplementary Information). 
Inherent limitations in the immuno-EM method allow it to pro- 
vide only a broad range of allowed axial and radial values for each 
nucleoporin. Nevertheless, these ranges are smaller than the dimen- 
sions of the half-spoke and so are still informative. Notably, most 
nucleoporins are found on both the nuclear and cytoplasmic sides of 
the NPC and are tightly packed within a region adjacent to the nuc- 
lear membrane (Fig. 4). Most of the FG nucleoporins are found on 
both sides of the NPC, with a small number found exclusively on the 
cytoplasmic or nuclear side; for simplicity, we consider Nup116 and 
Nup100 to be cytoplasmically disposed and Nup145N to be nucleo- 
plasmically disposed, although ~20% of the signal of each is found 
on the opposite side. Most of the non-FG nucleoporins are also found 
on both sides. The membrane proteins are found close to the nuclear 
envelope membrane, and Pom152-PrA is localized to the lumen of 
the nuclear envelope. Our inmuno-EM map agrees almost entirely 
with independent localizations performed by other groups. For 
example, Nup159 and Nup82 have previously been shown to be 
restricted to the peripheral cytoplasmic face'®; Nup1 was found on 
the peripheral nuclear face'’?; and Nup157, Nup170, Nup53 and 
Nup59 were shown to localize proximally to both sides of the 
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Figure 2 | Structural representation of the NPC. a, Hierarchical 
representation of the NPC that facilitates the expression of the experimental 
data in terms of spatial restraints. Formally, we define the whole NPC 
assembly A as a set of symmetry units U of two different types with eight 
instances each, referred to as half-spokes. Half-spokes of the first type 
(green) reside at the cytoplasmic side and half-spokes of the second type 
(red) reside at the nucleoplasmic side of the nuclear envelope. Two adjacent 
half-spokes, one of each type, form a spoke. Each of the 16 NPC half-spokes 
consists of a set of proteins P that are described by their type and index. Each 
protein is represented by a flexible string of beads B in the root 
representation x = 1. Additional representations « > 1 can be derived from 
the root representation (for example, by omitting some beads as in k = 2 or 
by combining beads as in x = 3). For the NPC, each protein is described with 
up to nine different representations. b, Top panel: the dimensions of the 
nuclear envelope, as taken from cryo-EM images (ref. 5). Bottom-left panel: 
the coordinate system we use has the origin at the centre of the nuclear 
envelope pore. The nuclear envelope is indicated in grey. Bottom-right 
panel: the eight-fold (C-8) and two-fold (C-2) symmetry axes of the NPC, as 
revealed primarily by cryo-EM’. We apply the two-fold symmetry only to 
proteins that appear with identical stoichiometry in both the nucleoplasmic 
and cytoplasmic half-spokes. 
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NPC* (other independent localizations are listed in Supplemen- 
tary Table 10). 

How the NPC components fit together. The coarse shape, approx- 
imate position and stoichiometry of each nucleoporin are not 
23 45 67 8 9 10 11 12 
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Figure 3 | Protein shape and stoichiometry information. a, Protein shape 
from hydrodynamic experiments. Purified native PrA-tagged nucleoporins 
were sedimented on sucrose gradients, together with a set of biotin-labelled 
marker proteins. Fractions were collected and analysed by immunoblotting of 
the biotin and PrA tags. An immunoblot of fractions from a typical 
sedimentation analysis is shown, indicating the position of the tagged protein 
(Nup159-PrA) together with the markers ovalbumin (3.6 S), bovine serum 
albumin (4.3 S), alcohol dehydrogenase (ADH, 7.4 S) and B-amylase (8.9 S). 
b, Peak positions for the sedimenting proteins were determined and linear 
regression was used to calibrate the sedimentation coefficients of the PrA- 
tagged nucleoporin. c, Bead representations x = 1 of the NPC proteins and 
their stoichiometries per half-spoke. The stoichiometry of a protein in the 
cytoplasmic (cyt.) and nucleoplasmic (nucl.) half-spoke, as measured by 
quantitative immunoblotting’, is shown. S,,ax Values were calculated based on 
the molecular mass (kDa) of each protein; S;rax/Sobs < 1.4 indicates a globular 
protein; 1.6-1.9, moderately elongated; >2, highly elongated*’. An asterisk 
indicates that C-terminal fragments were measured. Also shown is a 
visualization of the protein as a flexible bead chain (shown here in its most 
extended configuration), which is based on sedimentation analysis, 
identification of domains by sequence comparison and secondary structure 
prediction. 
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enough to build an accurate picture of the NPC: rather like the pieces 
in a jigsaw puzzle, we also need information on the interactions 
between nucleoporins. We obtained this information from a large 
number of overlay assays and affinity purification experiments, as 
well as from the composition of the Pom rings (consisting of Pom34 
and Pom152). An overlay assay identifies a pair of proteins that 
interact with each other, whereas an affinity purification identifies 
one or more proteins that interact directly or indirectly with the bait 
protein (Figs 5 and 6 and Supplementary Information). An affinity 
purification produces a distinctive set of co-isolating proteins, which 
we term a composite. A composite may represent a single complex 
of physically interacting proteins or a mixture of such complexes 
overlapping at least at the tagged protein. We only used overlay 
and affinity purification data with a signal-to-noise ratio above a 
demanding threshold (Supplementary Information). 

We designed several affinity purification methods to obtain a large 
and diverse set of composites (Supplementary Information). PrA was 
used as a high-affinity C-terminal purification tag on each nucleo- 
porin. Different cell fractions from the tagged strains served as start- 
ing materials, although most fractions were produced by whole-cell 
cryolysis, which proved to be rapid and convenient, yielding high 
amounts of each complex with minimal losses and proteolytic 
damage. We generated ~20 variants of extraction buffers with 
diverse properties to release different kinds of complexes from the 
fractions. Complexes were isolated via the tagged nucleoporins using 
antibody conjugated to either Sepharose or magnetic beads, although 
we preferred magnetic beads as it permitted rapid, high-yield isola- 
tions, and eliminated an upper size limit on the purified complexes 
(Supplementary Information). We also performed affinity purifica- 
tions from diploid compared with haploid strains to detect a poten- 
tial second, untagged copy ofa given nucleoporin in the complex—a 
strong indication of a homotypic interaction for that nucleoporin; 
Pom152-—PrA and Nup82-PrA were the only two nucleoporins 
giving composites containing a second untagged copy. Although 


Pom152 


Cyt. 
ae 
2c 


Nuclear 
envelope 


Nup82 
Nu R59, 


i 
Hues 
Seh1 Nugi33 Nup84 


D170 


‘Nup 
Nup57/Nup157 


Nup145N 

Nupso 
Nupt 

@ Pom 

QO Non-FG Nup 

@ FG Nup 

@ FG Nup (Cyt. only) 

@ FG Nup (Nucl. only) 


Figure 4 | Localization of proteins by immuno-EM. a, Immuno-EM 
montages for Pom152-PrA nuclei and Ndcl—PrA nuclear envelopes. Scale 
bars are graduated in 10-nm intervals using the coordinate system defined in 
Fig. 2b. The major features in each montage are shown schematically at the 
right, showing how the position of every gold particle in each montage was 
measured from both the central Z-axis of the NPC (R) and from the 
equatorial plane of the nuclear envelope (Z). b, Estimated position of the C 
terminus of each protein in the NPC relative to the central Z-axis of the NPC 
(R) and the equatorial plane (Z) superimposed on the protein density map of 
a cross-section of the yeast NPC obtained by cryo-EM”. The average allowed 
ranges along the R and Z coordinates (+8 nm and +4.5 nm, respectively) are 
indicated by the brown bars in the bottom right corner. 
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we originally designed our approaches for the purification of NPC 
complexes, they have proved to be useful for the isolation of many 
types of complexes from different cells”!*?*. 

Identification of proteins was performed by mass spectro- 
metry~>”*. Generally, the most vicinal associates of the tagged protein 
should be approaching stochiometric amounts in the purified com- 
plexes; conversely, distally associating proteins may be less abundant. 
By concentrating on only Coomassie-stainable SDS—polyacrylamide 
gel electrophoresis (PAGE) bands, we ensured that we identified only 
the more abundant proteins in any given affinity purification and 
avoided trace residuals (Fig. 5a). Polypeptides below ~20 kDa were 
excluded from this analysis for technical reasons”’; however, due to 
their small volume, their exclusion is not likely to significantly affect 
structure determination. 

Affinity purifications of tagged versions of all yeast nucleoporins, as 
well as the NPC-associated messenger RNA transport factors Glel and 
Gle2 (refs 28, 29), yielded 73 distinct composites; together with overlay 
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assays and Pom ring data, we have defined a total of 82 composites 
(Fig. 6a and Supplementary Information). The composites varied in 
complexity from dimers to those containing 20 proteins (composite 82) 
and, importantly, shared significant overlap in composition (Fig. 6b). 
Therefore, we expect considerable synergy among the composites when 
used to map the architecture of the whole assembly. 

A good example of the compositional overlap is the Nup84 com- 
plex (Fig. 5a, b)'*!*°°. The smallest building blocks of this complex 
are heterodimers (Fig. 5, composites 7, 14, 15). Under different 
isolation conditions, these dimers can be purified with an increasing 
number of additional proteins, such as trimers (25, 20), a tetramer 
(33), a pentamer (39), hexamers (44, 45, 51), and the full septameric 
Nup84 complex (53, 54, 57). This full complex interacts with Nup157 
(63, 66) and Nup145N (60). Finally, the entire Nup84 complex co- 
precipitates together with the Nup170 complex and an Nspl- 
containing complex (79). Our data also agree with composites gen- 
erated by other groups. For example, the Nup84 composites’*'*”°, a 
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Figure 5 | Protein interactions of the Nup84 complex. a, A sample of 
affinity purifications containing Nup84 complex proteins. Affinity-purified 
PrA-tagged proteins and interacting proteins were resolved by SDS-PAGE 
and visualized with Coomassie blue. The name of the PrA-tagged protein 
together with a corresponding identification number for the composite is 
indicated above each lane (Supplementary Information). Molecular mass 
standards (kDa) are indicated to the left of the panel. The bands marked by 
filled circles at the left of the gel lanes were identified by mass spectrometry 
(either of the example shown here or of a parallel version; Supplementary 
Information). The identity of the co-purifying proteins is indicated in order 


below each lane; PrA-tagged proteins are indicated in blue, co-purifying 
nucleoporins in black, NPC-associated proteins in grey, and other proteins 
(including contaminants) in red. Each individual gel image was differentially 
scaled along its length so that its molecular mass standards aligned to a single 
reference set of molecular mass standards, and contrast-adjusted to improve 
visibility. b, The mutual arrangement of the Nup84-complex-associated 
proteins as visualized by their localization volumes. The localization 
volumes, obtained from the final NPC structure (Fig. 9), allow a visual 
interpretation of the relative proximities of the proteins. 
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Nup116 composite*', a Nup170 composite’*, a Nup42-Gle1 dimer”, 
a Nic96 composite” and others (Supplementary Table 9) have been 
previously described, and are completely consistent with the compo- 
sites identified here. 


Data translation into spatial restraints 

The next step is to translate the experimental data about the NPC 
structure into spatial restraints (Fig. 1). These restraints were numer- 
ous, overlapping and varied in type, and thus were expected to be 
sufficient for defining the architecture of the NPC. 

Restraints and the scoring function. Structure determination is 
enabled by expressing information as a scoring function, the global 
optimum of which corresponds to the structure of the native 
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Composite size Similarity 


Figure 6 | Protein proximity by affinity purification. a, Composites 
determined by affinity purification. The affinity-purified nucleoporin—PrA is 
indicated on the vertical axis, and the corresponding nucleoporins in each 
composite are shown on the horizontal axis. Composite identifiers are 
indicated to the right. Presence of a nucleoporin in a composite is indicated by 
a black box, and the tagged nucleoporin is indicated by a light grey box. In 
composite 64 (Pom152) and in composites 31 and 61 (Nup82), a second 
untagged copy of a corresponding protein is present, indicated by a black box. 
A direct interaction determined by overlay assay is indicated by a dark grey 
box. The asterisk for Nup84 indicates that the data were obtained with GFP- 
tagged Nup§84. b, Distributions of composite size (left) and composite 
similarity (right). The similarity between two composites is defined by 2a/ 
(2a + b + c), where ais the number of proteins that occur in both composites, 
b is the number of proteins present only in the first composite, and c is the 
number of proteins present only in the second composite. 
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assembly**. One such function is a joint probability density function 
(PDF) of protein positions, given the available information I about 
the system, p(C/I), where C= (c1,0,...,C,) is the list of the cartesian 
coordinates (c;) of the m component proteins in the assembly (that is, 
the configuration of the proteins). This joint PDF gives the pro- 
bability density that a component i of the native configuration is 
positioned very close to c;, given the information I we wish to con- 
sider in the calculation. In general, I may include any structural 
information from experiments, physical theories, or statistical pre- 
ferences. The complete joint PDF is generally unknown, but can 
be approximated as a product of PDFs pr that describe individual 
assembly features (for example, distances or relative orientations of 
proteins): 


p(C/I) = TI pp(C/Ip) 


The scoring function F(C) is then defined as the logarithm of the joint 
PDF: 


F(C)=—In TI p)(C/Ip) = S> (©) 
f 


For convenience, we refer to the logarithm of a feature PDF as a 
restraint ry and the scoring function is therefore the sum of the 
individual restraints. 

Setting up the representation of the NPC. To define restraints on 
the components of an assembly, we must first specify the symmetry 
unit of the assembly (that is, the half-spoke in the case of the NPC) 
(Fig. 2a) and the stoichiometry of its components (Fig. 3). In addi- 
tion, we must define the representations of the components. Each 
nucleoporin was represented by a flexible chain consisting of a small 
number of connected beads (Figs 2a and 3). The number and radii of 
the beads were chosen to reproduce the protein masses and the sedi- 
mentation coefficients™. The flexibility of the representation and the 
low granularity of the NPC structure are sufficient to accommodate 
uncertainties in the measured S-values and their interpretation. For 
the FG nucleoporins, no restraints other than the chain connectivity 
and excluded volume were imposed on the beads representing the 
FG-repeat regions. 

Given the symmetry unit and the protein representations, we can 
formally represent the NPC with a four-level hierarchy correspond- 
ing to the whole NPC, the half-spokes, proteins and beads represent- 
ing each protein (Fig. 2a). In addition, the nuclear envelope was 
represented as a rigid surface of many small beads, providing a mould 
in which the NPC forms (Fig. 2b). 

Symmetry of the NPC. The eight-fold and approximate two-fold 
rotational symmetries of the NPC (Fig. 2b) were imposed by requir- 
ing essentially identical configurations of the proteins in common 
within each half-spoke; the corresponding restraint is formally the 
root-mean-square of the differences between equivalent intra-half- 
spoke distances. Although any individual NPC assembly may be 
perturbed from this perfect symmetry at any given point in time, 
restraints on the symmetry are nevertheless justified by the relatively 
low-resolution structure reported here, our intent to characterize the 
average structure, and exclusion of the FG-repeat regions from the 
symmetry restraints. 

Protein positions from immuno-EM. To reflect the uncertainty in 
the immuno-EM data, we do not restrain a protein to a specific 
position. Instead, the C-terminal bead of each protein, correspond- 
ing to the tag position, was restrained by imposing lower and upper 
harmonic bounds on its Zand R coordinates (Fig. 2b), corresponding 
to the ranges allowed by the immuno-EM data. On average, the 
allowed area spans 16 and 9 nm along the Rand Z coordinate, respec- 
tively (Fig. 4 Supplementary Tables 2 and 7, and Supplementary 
Fig. 8). With such large allowed ranges, the immuno-EM data provide 
little more information to the structure calculation than which side of 
the nuclear envelope each nucleoporin is on, and whether it is close to 
or distal from the NPC equatorial plane and the NPC axis. 
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Protein positions using the nuclear envelope as a mould. The 
transmembrane-spanning helices of the three membrane proteins 
Pom152, Ndcl and Pom34 were predicted by the program 
TMHH”. The corresponding beads were then restrained to the sur- 
face of the nuclear envelope by harmonic positional restraints. In 
addition, the terminal regions of each protein were restrained either 
to the pore or perinuclear sides of the nuclear envelope, on the basis 
of the immuno-EM data and the number of predicted transmem- 
brane helices’. 

Protein proximities from overlay assays and affinity purifications. 
The overlay assays and affinity purifications carry information about 
protein proximities, and so are encoded by the same type of spatial 
restraint. These data provide the richest set of restraints for our NPC 
structure. 

To interpret each composite in terms ofa spatial restraint, we must 
consider three ambiguities. First, there is an ambiguity as to what 
contacts are present in a composite when it contains more than two 
proteins. A composite implies only that a copy of each protein in the 
composite must directly interact with at least one copy of another 


Composite graph Spanning trees 


Figure 7 | Ambiguity in data interpretation and conditional restraints. 

a, The ambiguity for a protein interaction between proteins of green and 
yellow types is illustrated. The ambiguity results from the presence of 
multiple copies of the same protein in the same or neighbouring symmetry 
unit. In our NPC calculations, both neighbouring half-spokes on the 
cytoplasmic and nucleoplasmic sides are considered, for a total of four 
neighbouring half-spokes (not shown). b, The conditional restraint is 
illustrated by an example of a composite of four protein types (yellow, blue, 
red, green), derived from an assembly containing a single copy of the yellow, 
blue, and red protein and two copies of the green protein; proteins are 
represented by a single bead (blue protein), a pair of beads (green and red 
proteins), and a string of three beads (yellow protein) (right panel). This 
composite implies that at least three of the following six possible types of 
interaction must occur: blue-red, blue—yellow, blue-green, red-green, 
red—yellow and yellow-green. In addition, (1) the three selected interactions 
must form a ‘spanning tree’ of the ‘composite graph’ (defined below); (2) 
each type of interaction can involve either copy of the green protein (in 
general, all alternatives must be considered as illustrated in a); and (3) each 
protein can interact through any of its beads. These considerations can be 
encoded through a tree-like evaluation of the conditional restraint. At the 
top level, all optional bead—bead interactions between all protein copies are 
clustered by protein types. Each alternative bead interaction is restrained by 
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protein in the composite; any structure that satisfies this condition is 
consistent with the observed composite. In other words, a composite 
of n proteins implies at least n—1 such interactions between proteins 
of all types in the composite. Thus, each allowed combination of 
protein interactions corresponds to a ‘spanning tree’ of a “composite 
graph’ (as explained in Fig. 7b). Second, when there are multiple 
copies of the same protein in the assembly, there is an ambiguity as 
to which copy is involved in a given type of interaction (Fig. 7a). A 
measured interaction implies only that at least one copy of the pro- 
tein is involved in that interaction. Third, when multiple beads are 
used to represent a protein, there is an ambiguity as to which bead is 
involved in the interaction (Fig. 2a). A measured interaction implies 
only that at least one bead of the protein is involved in that inter- 
action. As a result of these three ambiguities, we need to encode a 
composite by a ‘conditional restraint’, ensuring that all allowed com- 
binations of alternative assignments of interacting bead pairs are 
considered (Fig. 7b). Finding the assignment of interactions to spe- 
cific beads that satisfies the data becomes part of the optimization 
process (see below). Other minor restraints were also derived from 


Minimal spanning tree 


& 


a harmonic upper bound on the distance between the beads; these are 
‘optional restraints’, because only a subset is selected for contribution to the 
final value of the conditional restraint. Next, a ‘rank-and-select’ operator 
(Ops) selects only the least violated optional restraint from each interaction 
type, resulting in six restraints (thick red line) at the middle level of the tree. 
Finally, the minimal spanning tree operator (Oyssr) finds the combination of 
three restraints that are most consistent with the composite data (thick red 
line); here the edge weights in the minimal spanning tree (defined below) 
correspond to the restraint values given the current assembly structure. The 
column on the right shows a structural interpretation of the composite with 
proteins represented by their coloured beads and alternative interactions 
indicated by edges between them. The composite graph (shown on the left) is 
a fully connected graph that consists of nodes for all identified protein types 
and edges for all pairwise interactions between protein types; in the context 
of the conditional restraint, the edge weights correspond to the restraint 
values. Five of the sixteen possible spanning trees are also shown. A spanning 
tree is a graph with the smallest possible number of edges that connect all 
nodes. The minimal spanning tree is the spanning tree with the minimal sum 
of edge weights. This restraint evaluation process is executed at each 
optimization step based on the current configuration, thus resulting in 
possibly different subsets of selected optional restraints at each step. 
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the overlay assay and affinity purification data (Supplementary 
Information). 


Optimization 

With the scoring function in hand, the positions of the proteins are 
determined by optimization of the scoring function (Supplementary 
Information), resulting in structures that are consistent with the data 
(Fig. 1). The optimization starts with a random configuration of the 
constituent proteins’ beads, and then iteratively moves them so as to 
minimize violations of the restraints (Fig. 8). In essence, the restraints 
cooperate to slowly ‘pull together’ the proteins into a good-scoring 
configuration. We use standard methods of conjugate gradients and 
molecular dynamics with simulated annealing (Supplementary 
Information). These methods allow the evolving structure some 
‘breathing room’ to explore the scoring function landscape, min- 
imizing the likelihood of getting caught in local scoring function 
minima (Fig. 8a). To comprehensively sample structures consistent 
with the data, independent optimizations of randomly generated 
initial configurations were performed until an ensemble of 1,000 


a 
2 0.60 
8 
E 
B 0.52 
8 
< 0.44 
fo) 
16) 

0.36 

4010 108 106 104 102 0 
Score 
b 


Number of configurations 
Ie) 
fo} 
Oo 


100 
0 
0 2,000 4,000 
Score 


Figure 8 | Calculation of the NPC bead structure by satisfaction of spatial 
restraints. a, Representation of the optimization process as it progresses 
from an initial random configuration to an optimal structure. The graph 
shows the relationship between the score (a measure of the consistency 
between the configuration and the input data) and the average contact 
similarity. The contact similarity quantifies how similar two configurations 
are in terms of the number and types of their protein contacts; a contact 
between two proteins occurs if the distance between their closest beads is 
less than 1.4 times the sum of the bead radii (Supplementary Information). 
The average contact similarity at a given score is determined from the 
contact similarities between the lowest scoring configuration and a sample of 
100 configurations with the given score. Error bars indicate standard 
deviation. Representative configurations at various stages of the 
optimization process from left (very large scores) to right (with a score of 0) 
are shown above the graph; a score of 0 indicates that all input restraints have 
been satisfied. As the score approaches zero, the contact similarity increases, 
showing that there is only a single cluster of closely related configurations 
that satisfy the input data. b, Distribution of configuration scores. The 
presence of configurations with the score close to 0 demonstrates that our 
sampling procedure finds configurations consistent with the input data. 
These configurations satisfy all the input restraints within the experimental 
error. 
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structures satisfying the input restraints was obtained (approxi- 
mately 200,000 trials were required, running for approximately 
30 days on 200 CPUs) (Fig. 8b). 


Ensemble interpretation 


We analysed the ensemble of 1,000 structures that satisfy the input 
data (Fig. 8b) in terms of protein positions, contacts and configura- 
tion (Figs 9 and 10). 

Protein positions. These 1,000 structures were first superposed 
(Fig. 9a) (Supplementary Information). Next, the superposed struc- 
tures were converted into the probability of any volume element 
being occupied by a given protein (that is, the ‘localization probabi- 
lity’) (Fig. 9b). The spread around the maximum localization prob- 
ability of each protein describes how precisely its position was 
defined by the input data. The positions that have a single narrow 
maximum in their probability distribution in the ensemble are deter- 
mined most precisely. When multiple maxima are present in the 
distribution at the precision of interest, the input restraints are insuf- 
ficient to define the single native state of that protein (or there are 
multiple native states). 

The actual localization probabilities yielded single pronounced 

maxima for almost all proteins, demonstrating that the input 
restraints define one predominant structure. The average standard 
deviation for the distance between neighbouring protein centroids is 
5 nm; the precision of the larger, centrally positioned proteins seems 
to be higher than that of the anchor domains of some FG nucleopor- 
ins. This level of precision defines a region smaller than the diameters 
of many nucleoporins. Thus, our map is sufficient to determine the 
relative positions of proteins in the NPC; we do not interpret features 
smaller than this precision. On the basis of the localization probabi- 
lities (Fig. 9b), we also define the volume most likely occupied by each 
protein, termed the ‘localization volume’ (Figs 9c and 10a). The 
localization volumes of the proteins overlap only to a small degree, 
such that only 10% of the NPC volume is assigned to two or more 
proteins, again underscoring how well the position of each nucleo- 
porin is resolved. On the basis of our current data, we are not able to 
distinguish between the two possible mirror-symmetric structures; 
here, we present one of them. 
Protein contacts. The proximities of any two proteins in the struc- 
ture can be measured by their relative ‘contact frequency’, which is 
defined by how often the two proteins contact each other in the 
ensemble (Fig. 10b). Contacts are highly conserved among the 
ensemble structures, despite some variability; 32 protein pairs have 
a contact frequency higher than 65%. Of all the 435 contact frequen- 
cies, 7% are high (65—-100%) and 73% are low (0-25%); this again 
demonstrates that the structure is well defined, as an ensemble of 
varied structures would yield mainly medium contact frequencies. 
Notably, few high-contact frequencies are seen between proteins of 
the same type, indicating that the NPC is held together primarily by 
heterotypic interactions. 

We can improve our determination of contacts by considering not 
only the contact frequencies but also the composite data (Fig. 10c). 
More specifically, we define two proteins to be ‘adjacent’ if their 
relative contact frequency is larger than 65% or if they appear in 
the maximal spanning tree of any composite graph whose edge 
weights correspond to contact frequencies (as explained in Fig. 
10c). If two proteins are adjacent, they are more likely to interact 
with each other in the native NPC structure than when they are not 
adjacent*’. In total, 51 types of adjacencies were found (Fig. 10d). A 
particularly large number of adjacencies are observed for Nic96 and 
Nup82, which both appear in two copies per symmetry unit, as well as 
for the core proteins Nup192 and Nup188. Whereas the latter two 
proteins bridge the bulk of the NPC to the membrane proteins and 
also provide anchor sites for FG nucleoporins, Nic96 bridges major 
ring structures of the NPC and also serves as an anchor site for FG 
nucleoporins*’. Most FG nucleoporins are peripherally located and 
therefore show only a few adjacencies. 
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Protein configuration. We can now combine the protein 
positions and adjacencies into a configuration of the NPC proteins 
(Fig. 10e, f). This representation allows us to deconvolute the com- 
posites into their constituent complexes (for example, see Figs 5b 
and 10g). 

Synergy among restraints. How our data act synergistically is best 
demonstrated by the progressive increase in the certainty about the 
protein positions, as a result of an incremental addition of informa- 
tion (Fig. lla). Hence, the variability among the 1,000 structures is 
significantly smaller than the uncertainties in any of the original data. 
For example, the allowed ranges for protein localization by immuno- 
EM are reduced from +4.5 and +8nm along the Z-axis and the 
radial coordinate, respectively, to +2 and +3nm in the ensemble, 
as a direct result of data integration. Similarly, data integration also 
improves the prediction of protein interactions (Fig. 11b). 


Assessment of precision and accuracy 

The accuracy of a model is defined as the difference between the 
model and the native structure. Therefore, it is currently impossible 
to know with certainty the accuracy of the determined NPC struc- 
ture. Nevertheless, five lines of evidence indicate that the accuracy of 
our structure is similar to its precision, and thus representative of the 
true configuration of the NPC. 

Self-consistency of the experimental data. Inconsistencies in the 
experimental data or its interpretation can be identified when the 
optimization generates only frustrated structures that do not satisfy 
the input restraints. This is not the case for our NPC calculations; we 
find only a single cluster of NPC structures that satisfy all the input 
restraints. To show that it is not trivial to find structures satisfying all 
restraints, we repeated the calculations with a comparable, but partly 


a Bead models 


Figure 9 | Bead model, ensemble, localization probability and localization 
volume. a, Top: two representative bead models of the NPC (excluding the 
FG-repeat regions) from the ensemble of 1,000 superposed structures 
satisfying all restraints (Fig. 8b). The eight positions of three sample proteins 
(Nup192, Nup57 and Nup85) on the cytoplasmic side are shown, with a 
detailed view of the bead representation of one copy of Nup85 at the bottom. 
b, The localization probability for each protein type is obtained by converting 
the ensemble into the probability of any volume element being occupied by 
the protein. Shown are contour maps of the cross-sections in the plane parallel 
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incorrect set of restraints (Supplementary Information). Specifically, 
all untagged proteins were randomly swapped between composites, 
leaving the number of composites, the number of proteins in each 
composite, and all other restraints unchanged. An optimization 
using this modified restraint set failed to produce any structures that 
satisfied all restraints. 

Variability in the ensemble. We have confirmed that the ensemble 
of 1,000 structures is sufficiently large for the precision of the NPC 
architecture to be determined reliably: the reproducibility of 
contact frequencies calculated from random subsets of the ensemble 
was plotted as a function of the subset size (Supplementary 
Information). The similarity between two sets of contact frequencies 
converges for random subsets of ~100 structures. 

The ability of a restraint set to define a native state. We have 
previously described an approach to test whether or not a given 
restraint set is sufficient to reconstruct a known native state”*. In this 
approach, a native structure is assumed, the restraints to be tested are 
simulated from this structure, the structure is then reconstructed 
based only on these restraints, and finally the reconstruction is com- 
pared to the original assumed structure. Using this approach, we have 
simulated composite restraints based on our NPC structure, repro- 
ducing the number of composites and the distribution of their size in 
the original data set; all other restraints were kept the same as in the 
real application. The accuracy of the reconstructed model was com- 
parable to the precision of the current NPC model. 

Patterns unlikely to occur by chance. The distribution of nucleo- 
porins in our structure is expected to reflect their functionality and 
evolution, and so should be decidedly nonrandom. Indeed, as dis- 
cussed at length in the accompanying paper”, there is a striking co- 
segregation of proteins by fold type to particular locations in the 


b Localization ¢ Localization volume 


probability 


to the equatorial plane that contains the maximum value of the protein 
localization probability. c, The localization volume of the sample proteins, 
derived from the localization probability. The volume elements are first sorted 
by their localization probability values. The localization volume then 
corresponds to the top-ranked elements, the volume of which sums to the 
protein volume, estimated from its molecular mass. The localization volume 
of a protein reveals its most probable localization. Because of the limited 
precision of the information used here, the localization volume of a protein 
should not be mistaken for its density map, such as that derived by cryo-EM. 
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NPC, although no fold information (except for the transmembrane 
domains) was used in the generation of the structure. 

Experimental data not used in the calculation of the model. Finally, 
our structure can be most directly tested by comparing it to experi- 
mentally determined data that were not included in the structure 
calculation. First, our structure is robust, in the sense that omission 
of a randomly chosen subset of 10% of the protein interaction data 
still results in structures with contact frequencies essentially identical 
to those derived from the complete data set. Second, the shape of our 
NPC structure® strongly resembles the published electron micro- 
scopy maps of the NPC***’, even though these data were not used 
here (Supplementary Fig. 22). Third, the diameter of the transport 
channel in our structure is ~38nm (excluding the FG-repeat 
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Figure 10 | Ensemble interpretation in terms of protein positions, contacts 
and configuration. a, Localization volumes of all 456 proteins in the NPC 
(excluding the FG-repeat regions) in four different views. The diameter of 
the transport channel and the NPC are also indicated. The proteins are 
colour-coded according to their assignment to the six NPC modules”. 

b, Contact frequencies for all pairs of proteins. The contact frequency of a 
pair of protein types is the fraction of structures in the ensemble that 
contains at least one protein contact between any protein instances of the 
two types. c, Contact frequencies between proteins in composite 40. Proteins 
are nodes connected by edges with the observed contact frequency as the 
edge weight (indicated by its thickness). Edges that are part of the maximal 
spanning tree are shown by thick blue lines; the maximal spanning tree is the 
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regions), in good agreement with the experimentally reported maxi- 
mal diameter of transported particles**. Fourth, Nup133, which has 
been experimentally shown to interact with highly curved mem- 
branes via its ALPS-like motif, is adjacent to the nuclear envelope 
in our structure**, Moreover, three of the four additional scaffold 
nucleoporins that are predicted to contain the ALPS-like motif are 
also close to the nuclear envelope. Finally, perhaps the best example is 
that of the Nup84 complex. Our configuration for this complex 
(Fig. 5b)*” is completely consistent with previous results'*’*°°. 
Specifically, Nup85 and Sehl form a dimer that together with 
Nup120 forms the trimeric ‘head’ of the complex, consistent with 
the top two arms of the ‘Y’-shaped Nup84 complex (Fig. 5b)’. 
Similarly, Nup145C, Nup84, Secl3 and Nup133 form the ‘tail’ in 


Cytoplasm 


Nucleoplasm 


98 nm 


‘0.62; 


Nup170 
Nup192 
Nup157 
Nup188 
Nic96 
Nup84 
Nup85 
Nup120 
Nup133 
Nup145C 
Seh1 
Sec13 


spanning tree that maximizes the sum of the edge weights. All edges with a 
statistically significant reduction in contact frequency from their initial 
values implied by the composite data alone (P-value < 10 *; Supplementary 
Information) are indicated by dotted lines with contact frequencies shown in 
red. d, Protein adjacencies for the whole NPC, with proteins as nodes and 
edges connecting proteins that are determined to be adjacent to each other. 
The edge weight is the observed contact frequency. e, Configuration of the 
proteins in composite 40. The location of a protein corresponds to the 
average position of the beads representing non-FG repeats of the protein. 
f, Configuration of Nic96 and the NPC scaffold proteins. g, Localization 
volume of Nic96 and the NPC scaffold proteins”’. 
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Figure 11 | The structure is increasingly specified by the addition of 
different types of synergistic experimental information. a, Protein 
positions. As an example, each panel illustrates the localization of 16 copies 
of Nup192 in the ensemble of NPC structures, generated using the data sets 
indicated below. The localization probability is contoured at 65% of its 
maximal value (red). The smaller the volume, the better localized are the 
proteins. The NPC structure is therefore essentially moulded into shape by 
the large amount of diverse experimental data. b, Protein contacts. 
Prediction of protein interactions from contact frequencies improves as 
more data are used. As an example, each panel illustrates the contact 
frequencies between proteins found in composite 34. Contact frequencies 
are shown as edge weights and indicated by the thickness of the lines 


both our structure and the Y-shaped complex (Fig. 5b)'*. Here, we 
resolve the relative positions of the proteins in this complex and show 
how the complex is integrated into the architecture of the entire NPC. 

Together these assessments indicate that our data are sufficient to 
determine the configuration of the proteins comprising the NPC. 
Indeed, it is hard to conceive of any combination of errors that could 
have biased our structure towards a single solution that resembles 
known NPC features in so many ways. 


Conclusions 


We have devised an integrative approach to solve the structure of the 
NPC using diverse biophysical and proteomic data. This approach 
has several advantages. First, it benefits from the synergy among the 
input data. Data integration is in fact necessary for structure deter- 
mination, because none of the individual data sets contains sufficient 
spatial information on its own. Despite the little structural informa- 
tion in each individual restraint, the concurrent satisfaction of all 
restraints derived from independent experiments markedly reduces 
the degeneracy of the final structures. Second, the integrative 
approach can potentially survey all the structures that are consistent 
with the data. Alternatively, ifno structure is consistent with the data, 
then some experiments or their interpretations are incorrect. Third, 
this approach can make the process of structure determination 
more efficient, by indicating which measurements would be most 
informative. Fourth, the approach can, in principle, incorporate 
essentially any structural information about a given assembly. 
Thus, it is straightforward to adapt it for calculating higher resolution 
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connecting the proteins. Left: when only a single composite is used (together 
with stoichiometry and symmetry information), all interactions are equally 
likely (initial contact frequency, Supplementary Information). Middle: when 
the highest likelihood of interaction between a particular protein pair from 
all composites is used, the uncertainty about the interactions is reduced. 
Right: when all data are used, the contact frequencies are either very high 
(>0.65) or very low (<0.25), thus allowing a strong prediction of protein 
interactions. Contact frequencies reflect the likelihood that a protein 
interaction is formed given the data considered and are calculated from the 
ensemble of optimized structures. Numbers in red indicate final contact 
frequencies that significantly decreased (at a P-value <10 *) from their 
initial values (Supplementary Information). 


structures by including additional spatial restraints from higher reso- 
lution data sets, such as atomic structures of proteins, chemical cross- 
linking, footprinting, small angle X-ray scattering (SAXS) and cryo- 
EM. It is conceivable that these additional data sets might allow us to 
determine pseudo-atomic structures of assemblies as complex as the 
NPC. Furthermore, by obtaining detailed structural information 
concerning different stages of a dynamic process, our approach 
may animate the NPC’s assembly and transport mechanisms°. 

The molecular architecture of many macromolecular complexes 
could, in principle, be resolved using a similar integrative approach. 
With regards to the NPC, the resulting structure has already 
provided abundant insights into the function and evolution of the 
cell*”. 


METHODS SUMMARY 


See Supplementary Information for a detailed description of our Methods. The 
experimental data, the Integrative Modelling Platform software and the NPC 
structural model are available at http://ncdir.org/npce. 


Received 30 August; accepted 22 October 2007. 


1. Sali, A., Glaeser, R., Earnest, T. & Baumeister, W. From words to literature in 
structural proteomics. Nature 422, 216-225 (2003). 

2. Rout, M. P. et al. The yeast nuclear pore complex: composition, architecture, and 
transport mechanism. J. Cell Biol. 148, 635-651 (2000). 

3. Macara, |. G. Transport into and out of the nucleus. Microbiol. Mol. Biol. Rev. 65, 
570-594 (2001). 

4. Weis, K. Nucleocytoplasmic transport: cargo trafficking across the border. Curr. 
Opin. Cell Biol. 14, 328-335 (2002). 


693 


©2007 Nature Publishing Group 


ARTICLES 


25. 


26. 


27. 


28. 


29. 


694 


Yang, Q., Rout, M. P. & Akey, C. W. Three-dimensional architecture of the isolated 
yeast nuclear pore complex: functional and evolutionary implications. Mol. Cell 1, 
223-234 (1998). 

Beck, M., Lucic, V., Forster, F., Baumeister, E. & Medalia, O. Snapshots of nuclear 
pore complexes in action captured by cryo-electron tomography. Nature 449, 
611-615 (2007). 

Devos, D. et al. Simple fold composition and modular architecture of the nuclear 
pore complex. Proc. Natl Acad. Sci. USA 103, 2172-2177 (2006). 

Havel, T. F. & Withrich, K. A distance geometry program for determining the 
structures of small proteins and other macromolecules from nuclear magnetic 
resonance measurements of intramolecular IH-1H proximities in solution. Bull. 
Math. Biol. 46, 673-698 (1984). 

Malhotra, A., Tan, R. K. & Harvey, S. C. Prediction of the three-dimensional 
structure of Escherichia coli 30S ribosomal subunit: a molecular mechanics 
approach. Proc. Natl Acad. Sci. USA 87, 1950-1954 (1990). 

Denning, D. P., Patel, S. S., Uversky, V., Fink, A. L. & Rexach, M. Disorder in the 
nuclear pore complex: the FG repeat regions of nucleoporins are natively 
unfolded. Proc. Natl Acad. Sci. USA 100, 2450-2455 (2003). 

Lim, R. Y. et al. Flexible phenylalanine-glycine nucleoporins as entropic barriers to 
nucleocytoplasmic transport. Proc. Natl Acad. Sci. USA 103, 9512-9517 (2006). 
Devos, D. et al. Components of coated vesicles and nuclear pore complexes share 
acommon molecular architecture. PLoS Biol. 2, e380 (2004). 

Siniossoglou, S. et al. Structure and assembly of the Nup84p complex. J. Cell Biol. 
149, 41-54 (2000). 

Lutzmann, M., Kunze, R., Buerer, A., Aebi, U. & Hurt, E. Modular self-assembly of a 
Y-shaped multiprotein complex from seven nucleoporins. EMBO J. 21, 387-397 
(2002). 

Strambio-de-Castillia, C., Blobel, G. & Rout, M. P. lsolation and characterization of 
nuclear envelopes from the Yeast Saccharomyces. J. Cell Biol. 131, 19-31 (1995). 
Miller, A. L. et al. Cytoplasmic inositol hexakisphosphate production is sufficient 
for mediating the Glel-mRNA export pathway. J. Biol. Chem. 279, 51022-51032 
(2004). 
Solsbacher, J., Maurer, P., Vogel, F. & Schlenstedt, G. Nup2p, a yeast nucleoporin, 
functions in bidirectional transport of importin alpha. Mol. Cell. Biol. 20, 
8468-8479 (2000). 

Marelli, M., Aitchison, J. D. & Wozniak, R. W. Specific binding of the karyopherin 
Kap121p to a subunit of the nuclear pore complex containing Nup53p, Nup59p, 
and Nup17Op. J. Cell Biol. 143, 1813-1830 (1998). 

Archambault, V. et al. Genetic and biochemical evaluation of the importance of 
Cdcé6 in regulating mitotic exit. Mol. Biol. Cell 14, 4592-4604 (2003). 


. Archambault, V. et al. Targeted proteomic study of the cyclin-Cdk module. Mol. 


Cell 14, 699-711 (2004). 
Tackett, A. J. et al. |-DIRT, a general method for distinguishing between specific 
and nonspecific protein interactions. J. Proteome Res. 4, 1752-1756 (2005). 


. Cristea, |. M., Williams, R., Chait, B. T. & Rout, M. P. Fluorescent proteins as 


proteomic probes. Mol. Cell. Proteomics 4, 1933-1941 (2005). 


. Niepel, M., Strambio-de-Castillia, C., Fasolo, J., Chait, B. T. & Rout, M. P. The 


nuclear pore complex-associated protein, Mlp2p, binds to the yeast spindle pole 
body and promotes its efficient assembly. J. Cell Biol. 170, 225-235 (2005). 


. Cristea, |. M. et al. Tracking and elucidating alphavirus-host protein interactions. 


J. Biol. Chem. 281, 30269-30278 (2006). 

Zhang, W. & Chait, B. T. ProFound: an expert system for protein identification 
using mass spectrometric peptide mapping information. Anal. Chem. 72, 
2482-2489 (2000). 

Krutchinsky, A. N., Kalkum, M. & Chait, B. T. Automatic identification of proteins 
with a MALDI-quadrupole ion trap mass spectrometer. Anal. Chem. 73, 
5066-5077 (2001). 

Stelter, P. et al. Molecular basis for the functional interaction of dynein light chain 
with the nuclear-pore complex. Nature Cell Biol. 9, 788-796 (2007). 

Murphy, R., Watkins, J. L. & Wente, S. R. GLE2, a Saccharomyces cerevisiae 
homologue of the Schizosaccharomyces pombe export factor RAE, is required 
for nuclear pore complex structure and function. Mol. Biol. Cell 7, 1921-1937 
(1996). 

Murphy, R. & Wente, S. R. An RNA-export mediator with an essential nuclear 
export signal. Nature 383, 357-360 (1996). 


30. 


31. 


32. 


33. 


34. 


35. 


36. 


BT. 


38. 


39. 


NATURE|Vol 450|29 November 2007 


Lutzmann, M. et al. Reconstitution of Nup157 and Nup145N into the Nup84 
complex. J. Biol. Chem. 280, 18442-18451 (2005). 

Bailer, S. M. et al. Nup116p associates with the Nup82p-Nsp1p-Nup159p 
nucleoporin complex. J. Biol. Chem. 275, 2354-23548 (2000). 

Grandi, P., Doye, V. & Hurt, E. C. Purification of NSP1 reveals complex formation 
with ‘'GLFG’ nucleoporins and a novel nuclear pore protein NIC96. EMBO. J. 12, 
3061-3071 (1993). 

Shen, M. Y. & Sali, A. Statistical potential for assessment and prediction of protein 
structures. Protein Sci. 15, 2507-2524 (2006). 

Harding, S. E. Determination of macromolecular homogeneity, shape, and 
interactions using sedimentation velocity analytical ultracentrifugation. Methods 
Mol. Biol. 22, 61-73 (1994). 

Krogh, A., Larsson, B., von Heijne, G. & Sonnhammer, E. L. Predicting 
transmembrane protein topology with a hidden Markov model: application to 
complete genomes. J. Mol. Biol. 305, 567-580 (2001). 

Alber, F., Kim, M. F. & Sali, A. Structural characterization of assemblies from 
overall shape and subcomplex compositions. Structure 13, 435-445 (2005). 
Alber, F. et al. The molecular architecture of the nuclear pore complex. Nature 
doi:10.1038/nature06405 (this issue). 

Akey, C. W. & Radermacher, M. Architecture of the Xenopus nuclear pore 
complex revealed by three-dimensional cryo-electron microscopy. J. Cell Biol. 122, 
1-19 (1993). 

Stoffler, D. et al. Cryo-electron tomography provides novel insights into nuclear 
pore architecture: implications for nucleocytoplasmic transport. J. Mol. Biol. 328, 
119-130 (2003). 


. Kiseleva, E. et al. Yeast nuclear pore complexes have a cytoplasmic ring and 


internal filaments. J. Struct. Biol. 145, 272-288 (2004). 
Hinshaw, J. E., Carragher, B. O. & Milligan, R. A. Architecture and design of the 
nuclear pore complex. Cell 69, 1133-1141 (1992). 


. Beck, M. et al. Nuclear pore complex structure and dynamics revealed by 


cryoelectron tomography. Science 306, 1387-1390 (2004). 


. Pante, N. & Kann, M. Nuclear pore complex is able to transport macromolecules 


with diameters of about 39 nm. Mol. Biol. Cell 13, 425-434 (2002). 


. Drin, G. et al. A general amphipathic «-helical motif for sensing membrane 


curvature. Nature Struct. Mol. Biol. 14, 138-146 (2007). 


. Schurmann, G., Haspel, J., Grumet, M. & Erickson, H. P. Cell adhesion molecule L1 


in folded (horseshoe) and extended conformations. Mol. Biol. Cell 12, 1765-1773 
(2001). 


Supplementary Information is linked to the online version of the paper at 
www.nature.com/nature. 


Acknowledgements We thank H. Shio for performing the electron microscopic 


studies; J. Fanghanel, M. Niepel and C. Strambio-de-Cas 
he affinity purification techniques; M. Magnasco for discussions and advice; 
A. Kruchinsky for assistance with mass spectrometry; M. Topf, D. Korkin, F. Davis, 
.-Y. Shen, F. Foerster, 
many discussions about structure characterization by satisfaction of spatia 
restraints; C. Johnson, S. G. Parker and C. Silva, T. Ferrin and T. Goddard for 
preparation of some figures; and S. Pulapura and X. J. Zhou for their help with the 
design of the conditiona 
discussion and insightful suggestions. We also thank al 
Chait, Rout and Sali laboratories for their assistance. We acknowledge support 
rom an Irma T. Hirschl Career Scientist Award (M.P.R.), a Sinsheimer Scholar 
Award (M.P.R.), a grant 
American Cancer Society (M.P.R.), the Sandler Family Supporting Foundation 
(A.S.), the Human Frontier Science Program (A.S., L.M.V.), NSF (A.S.), and grants 
rom the National Institutes of Health (B.T.C., M.P.R., A.S.), as well as computer 
hardware gifts from R. Conway, M. Homer, Intel, Hewlett-Packard, IBM and 
etapp (A.S.). 


illia for help in developing 


. Eswar, M. Kim, D. Russel, B. Peterson and B. Webb for 


diameter restraint. We are grateful to J. Aitchison for 
other members of the 


rom the Rita Allen Foundation (M.P.R.), a grant from the 


Author Information Reprints and permissions information is available at 
www.nature.com/reprints. Correspondence and requests for materials should be 
addressed to A'S. (sali@salilab.org), M.P.R. (rout@rockefeller.edu), or B.T.C. 
(chait@rockefeller.edu). 


©2007 Nature Publishing Group 


Vol 450|29 November 2007|doi:10.1038/nature06405 nature 


ARTICLES 


The molecular architecture of the nuclear 
pore complex 


Frank Alber'*, Svetlana Dokudovskaya**+, Liesbeth M. Veenhoff**+, Wenzhu Zhang’, Julia Kipper’t, 
Damien Devos’, Adisetyantari Suprapto*t, Orit Karni-Schmidt*+, Rosemary Williams”, Brian T. Chait®, Andrej Sali’ 
& Michael P. Rout? 


Nuclear pore complexes (NPCs) are proteinaceous assemblies of approximately 50 MDa that selectively transport cargoes 
across the nuclear envelope. To determine the molecular architecture of the yeast NPC, we collected a diverse set of 
biophysical and proteomic data, and developed a method for using these data to localize the NPC's 456 constituent 
proteins (see the accompanying paper). Our structure reveals that half of the NPC is made up of a core scaffold, which is 
structurally analogous to vesicle-coating complexes. This scaffold forms an interlaced network that coats the entire 
curved surface of the nuclear envelope membrane within which the NPC is embedded. The selective barrier for transport is 
formed by large numbers of proteins with disordered regions that line the inner face of the scaffold. The NPC consists of 
only a few structural modules that resemble each other in terms of the configuration of their homologous constituents, the 
most striking of these being a 16-fold repetition of ‘columns’. These findings provide clues to the evolutionary origins of the 


NPC. 


Nuclear pore complexes (NPCs) are large (~50 MDa) proteinaceous 
assemblies spanning the nuclear envelope, where they function as 
mediators of bidirectional exchange between the nucleoplasmic 
and cytoplasmic compartments'. Nucleocytoplasmic transport of 
macromolecular cargoes depends on their recognition by transport 
factors, which interact with the NPC to carry cargoes across the 
nuclear envelope””. 

NPCs show a broad degree of compositional and structural con- 
servation among all eukaryotes studied*°. Each NPC contains at least 
456 individual protein molecules and is composed of ~30 distinct 
proteins (nucleoporins)®’. Electron microscopy studies in several 
organisms have revealed that the general morphology of the NPC 
is conserved*"'*. These studies show the NPC to be a doughnut- 
shaped structure, consisting of eight spokes arranged radially around 
a central channel that serves as the conduit for macromolecular 
transport. Each NPC spans the nuclear envelope through a pore 
formed by the fusion of the inner and outer nuclear envelope mem- 
branes. Numerous filamentous structures project from the NPC into 
the cytoplasm and nucleoplasm’”. 

Using an approach described in the accompanying paper, we have 
determined the molecular architecture of the Saccharomyces cerevi- 
siae NPC™. Here, we describe and discuss the major features revealed 
by this analysis. 


Architectural overview of the NPC 


Our NPC structure, when viewed as projections of the mass density of 
all the nucleoporins (Fig. la), closely resembles maps and images 
obtained using electron microscopy, although in the electron micro- 
scopy maps the positions of individual nucleoporins were not 


defined*"’. We have excluded from our map proteins not previously 
considered ‘integral’ components of the NPC, such as Mlp1, Mlp2, 
transport factors and Nup2 (ref. 6). There is no basket in our map, 
probably because Mlp1 and Mlp2, the probable basket-forming pro- 
teins'’, are absent. We do, however, observe a low-density cloud, 
corresponding to the unstructured regions of FG (phenylalanine- 
glycine) repeat nucleoporins (see below), filling the central channel 
and projecting into the nucleoplasm and cytoplasm. The diameter of 
the central channel in the absence of the unstructured components 
(Fig. 1b) is ~38 nm, matching the known maximum sizes of trans- 
ported particles'®. The diameter of the whole NPC is ~98 nm, and the 
height of the structured portion is ~37 nm (Fig. 1b), again close to 
the dimensions observed by electron microscopy'’. 

A fundamental symmetry unit of the NPC is the spoke’. Each 
spoke can be divided into two almost identical nucleoplasmic and 
cytoplasmic halves, joined at the NPC’s equator and related to each 
other by a dyad axis (Fig. 2 and Supplementary Movie). Together, 
eight spokes connect to form several co-axial rings (Fig. 2); we refer to 
these as the membrane rings (not to be confused with the nuclear 
envelope membrane itself), the two outer rings at the nucleoplasmic 
and cytoplasmic periphery, and the two adjacent inner rings. Groups 
of nucleoporins that we term linker nucleoporins are attached 
between both sets of outer and inner rings (Fig. 2). Another group 
of related proteins is collectively termed FG nucleoporins. Each FG 
nucleoporin contains a small structured domain that serves as the 
anchor site to the rest of the NPC, and a larger unstructured region 
that contains characteristic repetitive sequence motifs termed FG 
repeats. The FG nucleoporins are largely exposed on the inner surface 
of the spokes and are anchored either to the inner rings or to the 


'Department of Bioengineering and Therapeutic Sciences, Department of Pharmaceutical Chemistry, and California Institute for Quantitative Biosciences, Mission Bay QB3, 1700 4th 
Street, Suite 503B, University of California at San Francisco, San Francisco, California 94158-2330, USA. “Laboratory of Cellular and Structural Biology, and “Laboratory of Mass 
Spectrometry and Gaseous lon Chemistry, The Rockefeller University, 1230 York Avenue, New York, New York 10065, USA. +Present addresses: Laboratory of Nucleocytoplasmic 
Transport, Institut Jacques Monod, 2 place Jussieu, Tour 43, Paris 75251, France (S.D.); Department of Biochemistry, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The 
Netherlands (L.M.V.); German Aerospace Center (PT-DLR), Heinrich-Konen-Strasse 1, D-53227 Bonn, Germany (J.K.); Structural Bioinformatics, EMBL, Meyerhofstrasse 1, D-69117 
Heidelberg, Germany (D.D.); Office of Technology Transfer, The Rockefeller University, 1230 York Avenue, New York, New York 10065, USA (A.S.); Herbert Irving Comprehensive 
Cancer Centre, Columbia University, 1130 St Nicholas Avenue, New York, New York 10032, USA (O.K.-S.). 

*These authors contributed equally to this work. 


695 
©2007 Nature Publishing Group 


ARTICLES 


linker nucleoporins; curiously, few make connections directly to 
the outer rings (Fig. 2). Among the most prominent features in 
electron micrographs of the NPC are the co-axial rings, the positions 
of which are similar to those of rings in our structure: the nucleo- 
plasmic and cytoplasmic rings seen by electron microscopy coincide 
with the position of the two outer rings in our map, whereas the 
spoke ring complex and luminal ring coincide respectively with 
our map’s inner rings and membrane rings (Figs 1 and 2, and 
Supplementary Fig. 1). Two copies per spoke of Nup82 (a linker 
nucleoporin) are found adjacent to the cytoplasmic outer ring. 
They add significant extra mass to the cytoplasmic side of the NPC 
compared with the nucleoplasmic side, probably accounting for 
much of the extra density of the cytoplasmic ring seen by electron 
microscopy (Figs 1 and 2)*'. Details in some of these electron 
microscopy maps differ from our map, such as the presence of a 
“central transporter’ and weaker densities at the nucleoplasmic 
and cytoplasmic surfaces of the yeast NPC map’; such differences 
are probably due to the limits of our map’s precision, as well as 
issues with NPC preservation, imaging and averaging for electron 
microscopy. 

Figure 2 also illustrates how a series of discrete clusters of nucleo- 
porins represents the “building blocks’ of the NPC. As described in 
the accompanying paper™, these complexes can frequently be iso- 
lated from the NPC, demonstrating that they are indeed coherent 
NPC substructures. Most of the interactions holding the NPC 
together are heterotypic, with only a few homotypic interactions. 
Some nucleoporins act as ‘keystones’, forming significantly larger 


100 nm 
Cytoplasmic side Nuclear Outer ring 
envelope Linker nucleoporins 
30 nm 


Inner Ke 


Linker nucleoporins 


“‘~S 


Nucleoplasmic side Outer ring 


Membrane rings 


Figure 1| Architectural overview of the NPC. a, Projections of nucleoporin 
mass density (white), derived from the combined localization volumes of all 
structured domains and the normalized localization probability of all 
unstructured regions. Top, en face view showing a density projection along 
the Z-axis from Z = —50 nm to Z= +50 nm. As in electron microscopy 
maps of the NPC, radial arms of density correspond to spokes that 
interconnect to form two strong concentric rings encircling a central region 
containing low-density unstructured material and bounded by peripheral 
membrane rings, giving an overall diameter of ~98 nm. Bottom, a slice along 
the central z-axis showing a projection of density from X = —5 nm to 

X= +5nm. More density can be seen on the cytoplasmic side of the NPC. 
The low-density unstructured material constricts the central channel to 
~10nm diameter. b, The structured nucleoporin domains of the NPC, 
represented by a density contour (blue) such that the volume of the contour 
corresponds approximately to the combined volume of the 456 nucleoporins 
comprising the NPC". Top: view from a point ~30° from the equatorial 
plane of the NPC. Bottom: a slice along the central Z-axis between 

X = —5nm and X = 5nm, in which the nuclear envelope is also shown (in 
grey). Major features of the NPC are indicated. 
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numbers of interactions than most other nucleoporins, bridging 
multiple NPC substructures (Fig. 10 in the accompanying paper)"*. 
An example is Nic96, which bridges the inner and outer rings and also 
serves as an anchor site for FG nucleoporins. The FG nucleoporins 
themselves are mainly peripherally located and therefore each shows 
only a few interactions. 


A membrane-coating complex 


We term the structural core of the NPC the core scaffold, formed 
from the outer and inner rings (Figs 2 and 3). Most linker nucleo- 
porins and FG nucleoporin attachment sites are on the surface of the 
core scaffold that faces the central channel; on the outer surface are 
found the pore membrane (that is, that portion of the nuclear enve- 
lope into which the NPC is embedded) and the attachment sites for 
the membrane rings. The core scaffold probably has a key role in 
maintaining the stability of the nuclear envelope by ensuring co- 
planarity of the outer and inner nuclear envelope membranes as they 
exit the pore. We propose that a major function of the outer rings, by 
virtue of their location, is to facilitate the smooth transition of the 
pore membrane into the inner and outer nuclear envelope mem- 
branes (Fig. 3). 

We have previously assigned fold types to domains in all the 
nucleoporins'”'*. We are now in a position to determine the actual 
locations of these fold types in the NPC. Notably, we find that the 
core scaffold is made up of nucleoporins containing three distinct 
arrangements of only two fold types: proteins with a single o- 
solenoid domain (the «-solenoid fold is a superhelix of «-helices), 
proteins with a single B-propeller domain, and proteins composed of 
an amino-terminal f-propeller followed by a carboxy-terminal 
a-solenoid domain (Fig. 3). This latter pattern is unique to the cla- 
thrin-like proteins that coat transport vesicles, such as the clathrin 
heavy chain itself and Sec31, and all three fold arrangements are 
found in such coating complexes’””*. We have already proposed that 
the core structures of both NPCs and vesicle-coating complexes have 
a common evolutionary origin'”'*. The resemblance of the core scaf- 
fold to vesicle-coating complexes does not end here; just like clathrin 
and the COPII coatomer, the scaffold nucleoporins form an inter- 
connected network, such that the entire core scaffold faces and com- 
pletely coats the pore membrane, with the clathrin/Sec31-like 
nucleoporins closer to the membrane than the «-solenoid domain 
proteins (Fig. 3). The vesicle-coating protein family can 
form different scaffolds, as demonstrated by the markedly different 
arrangements found in the COPII and clathrin coats'””’. This attri- 
bute may have made them well suited for accommodating the com- 
bination of negative and positive curvatures characteristic of the pore 
membrane. 

Interestingly, five (Nup133, Nup120, Nup85, Nup170 and 
Nup188) of the scaffold nucleoporins contain an ALPS-like motif 
that has been experimentally verified to fold into an amphipathic 
a helix and target curved membrane regions*. Our structure is 
consistent with this observation, since at least four of these nucleo- 
porins are found immediately adjacent to the pore membrane 
(Fig. 3). 

Thus, not only do proteins of the core scaffold and vesicle-coating 
complexes share a similar fold composition, but they also appear to 
share a similar assembly architecture and function—namely, to form 
coats that curve membranes. In the case of the core scaffold, it is the 
nuclear envelope that is moulded into the sharply curved pore mem- 
brane (Fig. 3). The core scaffold is dominated by an evenly distri- 
buted meshwork of «-solenoid domains (Fig. 3), a fold type that is 
expected to be flexible’®, allowing large conformational changes 
without breaking protein-protein interactions (as is seen in vesicle- 
coating complexes). This fold flexibility could, in turn, explain the 
significant degree of flexibility reported for the whole NPC, necessary 
to accommodate the diverse sizes of nucleocytoplasmic transport 
cargoes and the malleability of the nuclear envelope®’””*. 
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Figure 2 | Localization of major substructures and their component 
nucleoporins in the NPC. This figure is a single view of data presented in 
our Supplementary Movie. The nucleoporins are represented by their 
localization volumes” and have been coloured according to their 
classification into five distinct substructures on the basis of their location 
and functional properties: the outer rings in yellow, the inner rings in purple, 
the membrane rings in brown, the linker nucleoporins in blue and pink, and 
the FG nucleoporins (for which only the structured domains are shown) in 
green. The pore membrane is shown in grey. A single arbitrary repeat unit, 
termed the spoke, is shown dissected into its component nucleoporins. 
Together, the outer and inner rings connect to form the NPC’s core scaffold 
(Fig. 3). Each of the outer rings makes connections with the adjacent linker 
nucleoporins and inner rings, but connects with few FG nucleoporins and no 
components of the membrane rings. The two inner rings are closely 
associated with each other at the NPC’s equator and form connections with 
all three integral membrane proteins in the membrane rings, thereby 
anchoring the NPC to the nuclear envelope. The bulk of the membrane rings 


is formed by homo-oligomerization of the C-terminal domain of Pom152. 
The linker nucleoporins Nic96 and Nup82 are anchored between the inner 
and outer rings and have a central role in bridging the core scaffold of the 
NPC with the functionally important FG nucleoporins. On both the 
cytoplasmic and nucleoplasmic sides of each spoke, one copy of Nic96 is 
anchored through Nup192 and a second copy through Nup188. Whereas 
one copy of Nic96 carries the FG nucleoporins Nsp1, Nup57 and Nup49, the 
second copy forms interactions to another copy of Nsp1 and at the 
cytoplasmic side also interacts with Nup82. Here, Nup82 associates with the 
FG nucleoporins Nup159, Nup116, Nsp1 and Nup42. Thus, Nsp1 forms at 
least two distinct complexes in the NPC: one exclusively cytoplasmic and 
one disposed symmetrically**>°. By contrast, the FG nucleoporins found 
only on the nucleoplasmic side connect mainly to the inner ring 
nucleoporins, as do Nup53 and Nup59, both of which also face the pore 
membrane. The scale bars indicate the average standard deviation of the 
distance between a pair of neighbouring proteins in the 1,000 best-scoring 
configurations. 
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Attachment at the nuclear pore membrane 

The membrane rings form a discrete region of the NPC, containing 
the three pore membrane proteins Pom152, Pom34 and Ndcl. It is 
the core scaffold’s inner rings that interact with the membrane 
rings, thus anchoring the NPC to the pore membrane (Fig. 2). A 
component of the membrane rings (Pom152) homo-oligomerizes 
at its C terminus to form the ring that equatorially bounds the 
NPC in the perinuclear lumen”. This luminal portion consists of 
the C-terminal part of Pom152, containing domains predicted to 
assume the cadherin fold'*. Members of the cadherin family are 
transmembrane receptors that form homophilic binding interfaces”, 
probably accounting for the oligomeric luminal ring. Perhaps the 
NPC carries the remnants of an ancient transmembrane receptor, 
still attached to its vesicle-coating complex. 


Transport factor docking sites and nucleocytoplasmic transport 


The transport function of the NPC appears to be mediated mainly by 
the FG nucleoporins. The FG-repeat regions within each FG nucleo- 
porin provide the NPC’s docking sites for transport factor—cargo 
complexes’*®**, The FG nucleoporins and especially their unstruc- 
tured FG-repeat regions are the least specified part of our structure. 
Nevertheless, we can still draw conclusions concerning the locali- 
zation of the FG-repeat regions by using a simplified representa- 
tion’. Because these regions can adopt many different possible 
configurations in our calculations, on averaging they produce a cloud 
of low density surrounding their structurally resolved attachment 
sites, collectively filling and surrounding the central channel and 
extending into the nucleoplasm and cytoplasm (Figs 1 and 4). This 
spatial distribution of FG-repeat regions is consistent with ‘virtual 
gating’ models explaining the mechanism of nucleocytoplasmic 
transport®*', in which the FG-repeat density represents an effective 
exclusion filter for macromolecular particles that do not contain FG- 
repeat binding sites, but is permeable to transport factors that do 
possess these sites”®?'**°?. Thus, the cloud of FG-repeat regions 


B-Propeller a-Solenoid 


Core scaffold 


Figure 3 | The core scaffold as a membrane-coating complex. We show 
here the outer and inner ring nucleoporins comprising the core scaffold. The 
linker nucleoporins, FG nucleoporins and membrane ring are omitted for 
clarity. At the top of the left panel are shown the fold types comprising the 
nucleoporins of the core scaffold: Nup84, Nup85, Nup145C, Nup188 and 
Nup192 consist mainly of o-solenoid folds (pink); Sec13 and Seh1 are 
composed of {-propeller folds (cyan); Nup120, Nup133, Nup157 and 
Nup170 contain both N-terminal B-propeller folds and C-terminal 
a-solenoid folds (blue), an arrangement shared with clathrin and Sec31. 
Each of these nucleoporins is present in 16 copies to make the full 
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forms a zone of selectivity around and across the NPC. The cloud 
thins radially from the walls of the central channel to the Z-axis, 
limiting the effective diameter of the central channel (Figs 1 and 4). 
In our structure, this diameter is less than 10nm, similar to the 
maximal size of particles that can freely diffuse between the nucleo- 
plasmic and cytoplasmic compartments’. Actively transporting 
cargo-transport factor complexes can displace this diffuse cloud, 
with the very largest pushing the cloud to the sides of the central 
channel up to the channel’s maximum diameter of ~38 nm. 

Nic96 and Nup82 provide anchor points for most of the FG 
nucleoporins, with connections also being made to the inner ring 
(Fig. 2). The FG nucleoporins can be divided into three groups 
according to their localization in the NPC: those that are attached 
mainly or exclusively to the cytoplasmic or nucleoplasmic side of 
the NPC, and those attached symmetrically on both sides (Fig. 4)°. 
The distributions of these groups of FG-repeat regions overlap 
heavily, consistent with the observed long reach of the individual 
FG-repeat regions*”*'. The overlap suggests that a transport factor 
attached to one FG nucleoporin can readily exchange with many 
other surrounding FG nucleoporins, thus facilitating rapid transit 
across the NPC. 

In contrast to most of the FG nucleoporins, a few transport factor 
binding sites (in particular Nup53 and Nup59) also face the pore 
membrane such that they are readily accessible to membrane pro- 
teins, as has been previously suggested. These nucleoporins could 
mediate the transport of transmembrane proteins, in agreement with 
recent studies showing that active transport is responsible for the 
translocation of integral membrane proteins from the outer to the 
inner nuclear membrane*™. 


Modular duplication in the evolution of the NPC 

A striking pattern is revealed when we map the nucleoporins into our 
NPC structure based on their previously assigned fold types'®. We 
find that each spoke can be divided into two parallel columns, in 


1 Nup192, 2 Nup188, 3 Nup170, 4 Nup157, 5 Nup133, 
a 6 Nup120, 7 Nup85, 8 Nup84, 9 Nup145C, 10 Seh1, 11 Sec13 


176-nucleoporin core scaffold, which is shown in three views related by the 
indicated rotation around an axis parallel with the NPC’s equatorial plane. 
The localization volumes of all the «-solenoid nucleoporins (pink), all 
B-propeller nucleoporins (cyan), and all clathrin-like nucleoporins (blue) 
are indicated. The clathrin-like nucleoporins appear to be located at the 
outer surface of the core scaffold, adjacent to the surface of the nuclear 
envelope’s pore membrane. Numbers on the middle panel indicate the 
approximate positions of each nucleoporin. The scale bar indicates the 
standard deviation of the distance between a pair of neighbouring proteins 
in the 1,000 best-scoring configurations. 
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which almost every nucleoporin in one column contains a counter- 
part of similar size and fold in a similar position in the adjacent 
column (Fig. 5). For most of these nucleoporin pairs, the relationship 
goes beyond structural similarity alone, as they are either clear homo- 
logues (for example, Sehl and Secl3) or duplicate copies (for 
example, Nic96) (Fig. 5a)'”'**~“8. Furthermore, the two columns 
are analogous in terms of the interactions of their constituents 
(Fig. 5b). This observation indicates that homologous nucleoporin 
pairs may share similar functions, which in turn could explain why 
many single nucleoporin deletions are not lethal in yeast. We can thus 
consider the NPC as being made of a 16-fold repetition of columns, 
each with a similar architecture. An underlying 16-fold symmetry of 
the NPC has been previously suggested by electron microscopy stud- 
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ies**’, including yeast NPCs!’ (Supplementary Fig. 22). This pattern 


Cytoplasmic side 


Nucleoplasmic side 


Cytoplasmic side 


Nucleoplasmic side 


Figure 4 | Distribution of the disordered FG-repeat regions in the NPC. 

a, Slice through the NPC, as in Fig. 1b; here we show the structured domains 
of all nucleoporins represented by their localization volumes coloured 
according to their classification into five distinct substructures (Fig. 2). Also 
shown is the localization probability of the unstructured regions of all FG 
nucleoporins (green cloud), visualized in Chimera”®. b, Projection of the 
localization probabilities of the FG-repeat regions from all the FG 
nucleoporins is shown by a density plot, sampled in a plane 

perpendicular to the central Z-axis from X = —5nm to X= +5nm. 
Projections from the FG-repeat regions belonging to FG nucleoporins 
anchored mainly or exclusively on one side of the NPC are indicated: red for 
those that are cytoplasmically disposed (Nup42, Nup100, Nup116 and 
Nup159), blue for those nucleoplasmically disposed (Nup60, Nup145N and 
Nup1) and white for those FG nucleoporins found equally on both sides 
(Nup49, Nup53, Nup57, Nup59 and Nsp1). The equatorial plane of the NPC 
is indicated by a dashed white line, the position of the NPC density in Fig. 1 is 
indicated by a dashed grey line, and the position of the pore membrane is 
shown in purple. Although each group concentrates around its distinct 
anchor sites, considerable overlap can be seen between the three groups of 
FG-repeat regions. Peaks of density, belonging mainly to the repeat regions 
of Nup53 and Nup59, also face the pore membrane. A scale bar of 25 nm is 
shown. 
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may be explained if an ancient duplication event gave rise to the two 
columns comprising each spoke. In yeast, many of the nucleoporin 
pairs in the columns (for example, Nup157 and Nup170) resulted 
from a whole-genome duplication”; in other organisms, the duplica- 
tion is revealed as a single nucleoporin present in two copies (for 
example, vertebrate Nup155). Moreover, another duplication may 
have produced the outer and inner rings, as each column can be 
further divided into units that again are related by pairs of nucleo- 
porins with identical fold types in equivalent positions (one member 
of each pair in the inner ring, the other in the outer ring). As a result, 
one can consider the NPC to be made of only a few structural mod- 
ules, each consisting of only two to four proteins (Fig. 5c). These 
modules resemble each other, both in terms of being composed of 
homologous proteins and in their similar arrangement. The archi- 
tecture of the NPC thus appears to be based on the hierarchical 
repetition of such structural modules that probably evolved through 
a series of gene duplications and divergences. Duplications and diver- 
gencies of these kinds are seen in other coating complexes, such as the 
clathrin—adaptin complex and COPI complex*'. A primordial NPC 
may have been a multimer containing only a few different modules, 
rather like the clathrin and COPII coats. It may also have carried only 
a few kinds of FG nucleoporins, suggesting that the selective barrier 
was simpler. Just a few different transport factors would have been 
sufficient to recognize the few kinds of docking sites in this simple 
barrier; thus, the plethora of transport factors found in modern 
eukaryotes may have also evolved by duplication events, keeping pace 
with the evolutionary duplication and diverging specialization of the 
FG nucleoporins in the NPC’s modules. 


Concluding remarks 

We have determined the detailed molecular architecture of the NPC 
in the yeast Saccharomyces cerevisiae. Even though the primary 
sequence conservation between nucleoporins from different model 
organisms is low, the high conservation of the overall shape and 
predicted fold types’* implies that the overall architecture of the 
NPC described here is highly conserved among eukaryotes. 

Although the NPC is a complex structure, our analysis reveals 
underlying simplicities in its architecture. At its heart, the NPC con- 
tains a highly connected scaffold that attaches to and coats the curved 
pore membrane. The fold composition of the nucleoporins forming 
the scaffold is remarkably simple, consisting of only two different 
domain folds, the configurations of which resemble those found in 
vesicle-coating complexes—to which the NPC may therefore be evo- 
lutionarily related. This scaffold anchors disordered clouds of fila- 
ments that fill the central channel and regions proximal to the pore 
membrane, and project into the nucleoplasm and cytoplasm. These 
clouds act as a selective barrier to mediate nucleocytoplasmic traf- 
ficking. We found that proteins in each half-spoke are either present 
in duplicate copies or homologous pairings, sharing equivalent inter- 
action patterns; thus, the NPC is another example of how a compli- 
cated structure can evolve from the duplication, divergence and 
elaboration of simple ancestral modules. 

The NPC’s architecture also suggests a possible assembly process, 
analogous to the formation of coated vesicles. In this process, the 
NPC’s membrane proteins might serve as the receptors for the 
attachment of the inner ring to the nuclear envelope and polymeri- 
zation of the core scaffold, forming a coat on the curved pore mem- 
brane. Attachment of the linker and FG nucleoporins to this coat 
would complete the NPC. 

Further elucidation of the evolutionary origin, transport mech- 
anism and assembly pathway of the NPC requires higher resolution 
information, encompassing the atomic structures of nucleoporins 
and their intermolecular arrangements. Given that our structure 
determination method can incorporate such information, we envi- 
sion continued steady progress in describing the fine architecture of 
the NPC. 
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Figure 5 | Modular duplication in the NPC. a, The NPC can be divided into 
two alternating equivalent groups of nucleoporins arranged in parallel 
columns, as indicated here in red and blue. The nucleoporins in the red 
column are listed below left, and those in the blue column are listed below 
right. Almost every nucleoporin in the red column contains a counterpart in 
the blue column related by approximate position, as well as size and fold 
arrangement (pairs linked by dashed arrows), strong sequence similarity 
(those linked by thin arrows), or as duplicate copies with one copy in each 
column (thick arrows). The membrane rings and FG repeat regions were 
removed for clarity. Also shown are the E-values generated by HMMsearch*’ 
for the most significant local matches of the corresponding protein pairs; the 
E-value for a sequence match is the expected number of false positives per 


METHODS SUMMARY 


Our approach to structure determination can be seen as an iterative series of four 
steps: data generation by experiment, translation of the data into spatial 
restraints, calculation of an ensemble of structures by satisfaction of these 
restraints, and an analysis of the ensemble to produce the final structure. The 
experimental and computational methods are described in detail in the accom- 
panying paper" and Supplementary Information. 

Experimental methods. The localization of the PrA-tagged nucleoporins was 
determined by immuno-electron microscopy of approximately 10,000 gold part- 
icles, obtained from pre-embedding labelled nuclear envelopes isolated from 
tagged strains®. Stokes radii were derived from ultracentrifugation velocity gra- 
dient sedimentation experiments on the individual nucleoporins and the Nup84 
complex. Affinity purifications of all PrA-tagged nucleoporins were performed 
from solubilized nuclear envelope, highly enriched NPC fractions®, or lysates 
produced by whole cell cryolysis. Approximately 20 variants of extraction buffers 
were used to generate different complexes on IgG Sepharose resins or IgG- 
magnetic beads. Co-purified proteins were identified by mass spectrometry’. 
Overlay assays were used to monitor direct binding of a nucleoporin in solution 
to nucleoporins immobilized on nitrocellulose. The structure and composition 
of the ‘Pom rings’ (ref. 14) isolated from NPCs were determined by electron 
microscopy and mass spectrometry. 

Computational methods. The structure calculation is expressed as an optim- 
ization problem, a solution of which requires three main components: (1) a 
representation of the assembly in terms of its constituent parts; (2) a scoring 
function, consisting of individual spatial restraints that encode all the data; and 
(3) an optimization of the scoring function, which aims to yield structures that 
satisfy the restraints. 

Each nucleoporin was represented by a flexible chain consisting of a small 
number of connected spheres. The number and radii of the spheres were chosen 
to reproduce the nucleoporin mass and Stokes radius. The nuclear envelope in 
the region of the pore membrane’ was represented by many partially overlap- 
ping spheres, each with a radius of 2.25 nm. 
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database search with a score at least as good as this sequence match. 

b, Network of protein contacts in the cytoplasmic (upper row) and 
nucleoplasmic (lower row) half-spokes for proteins in the red column (left) 
and blue column (right), showing that the homologous constituents have 
equivalent neighbours in each column. The networks are shown as instance 
contact frequency maps" (Supplementary Information). Notably, many 
contacts among proteins in one column are also present between the 
equivalent proteins in the second column. ¢, A large portion of the NPC can 
be divided into pairs of structurally similar modules: nuclear and 
cytoplasmic halves, eight radially disposed spokes, 16 radially disposed 
columns, and inner and outer rings. 


The scoring function captures information about the structure of the NPC 
and is a sum of restraints of various types. These restraints encode what is 
known about nucleoporin and nuclear envelope excluded volumes (from the 
protein sequence and ultracentrifugation), nucleoporin positions (from 
immuno-electron microscopy), nucleoporin ‘connectivity’ in composites (from 
affinity purification), nucleoporin—nucleoporin interactions (from affinity 
purification and overlay assays), complex diameters (from ultracentrifugation), 
and the eight-fold and two-fold symmetries of the NPC (from electron 
microscopy). 

The optimization protocol combines the techniques of simulated annealing, 
molecular dynamics, and conjugate gradient minimization. To sample the space 
of solutions well, independent optimizations of randomly generated initial con- 
figurations were performed until 1,000 structures were generated that satisfied all 
input restraints (that is, the ensemble); ~200,000 trials were required. 

The protein localization probability is the probability that a given volume 
element of a 100 X 100 X 100 grid with the spacing of 1 nm is occupied by a 
particular protein. It is calculated for each protein from all superposed config- 
urations in the ensemble. Next, for a given protein, the volume elements are 
sorted by their localization probability values. The localization volume of the 
protein then corresponds to the top-ranked elements, the volume of which sums 
to the protein volume, estimated from its molecular mass. The localization 
volume of a protein reveals its most probable localization. 
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Element-selective imaging of atomic columns ina 
crystal using STEM and EELS 


Koji Kimoto', Toru Asaka', Takuro Nagai’, Mitsuhiro Saito’, Yoshio Matsui’ & Kazuo Ishizuka” 


Microstructure characterization has become indispensable to the 
study of complex materials, such as strongly correlated oxides, and 
can obtain useful information about the origin of their physical 
properties. Although atomically resolved measurements have long 
been possible, an important goal in microstructure characterization 
is to achieve element-selective imaging at atomic resolution. A com- 
bination of scanning transmission electron microscopy (STEM) 
and electron energy-loss spectroscopy (EELS)'” is a promising tech- 
nique for atomic-column analysis. However, two-dimensional ana- 
lysis has not yet been performed owing to several difficulties, such 
as delocalization in inelastic scattering or instrumentation instabil- 
ities. Here we demonstrate atomic-column imaging of a crystal 
specimen using localized inelastic scattering and a stabilized scan- 
ning transmission electron microscope’. The atomic columns of La, 
Mn and O in the layered manganite La, ,Sr,; sMn,O, are visualized 
as two-dimensional images. 

The STEM technique is promising for characterizing material 
microstructures. A small electron probe, whose diameter is compar- 
able to the interatomic distance in crystals, can be scanned on a spe- 
cimen using a modern STEM. STEM annular dark-field (ADF) 
imaging, which uses high-angle elastic (or phonon) scattering, enables 
us to observe high-spatial-resolution images, and it has been applied to 
various materials**. The other advantage of ADF imaging is its high 
compositional sensitivity compared with conventional transmission 
electron microscopy. ADF imaging is however not straightforward for 
the evaluation of atomic number, because it only detects the intensity 
of elastic scattering. Other analytical methods that use element- 
dependent inelastic scattering (such as EELS) should be implemented 
to distinguish between elements. Using an electron energy-loss spec- 
trum, elemental and chemical information (for example, valence and 
atomic coordination) can be obtained with high spatial resolution’®. 
As STEM is compatible with EELS, there have been several reports on 
EELS and STEM with high spatial resolution”'®. However, two- 
dimensional atomic-column imaging has not been achieved thus 
far, because of the difficulties described below. 

There are several requirements for realizing the atomic-column 
imaging of crystalline specimens using STEM and EELS: (1) electron 
optics suitable for a small intense probe; (2) localization in electron 
probe propagation; (3) localization in inelastic scattering; and (4) 
practical technical factors in instrumentation, such as the stability of 
the electron probe position. Recently, progress towards requirement 
(1) has been made by using a high-brightness electron source or a 
spherical aberration corrector. Requirement (2) is related to dynam- 
ical electron diffraction in crystals. An electron probe focused on the 
top of an atomic column propagates essentially along the atomic 
column (channelling). Under certain experimental conditions (for 
example, a thick specimen or a large convergence angle), most of the 
intensity of the electron probe is transferred to the adjacent atomic 
columns during the propagation, resulting in degradation in spatial 


resolution (dechannelling). Using multislice simulation software 
(WinHREM from HREM Research), we confirmed that the intensity 
maximum of the probe was preserved on the original atomic column 
under the present experimental conditions: a convergence semi- 
angle of 15 mrad and a specimen thickness of <50 nm. Thus, require- 
ments (1) and (2) basically characterize the spatial resolution of both 
elastic (ADF) and inelastic (EELS) STEM imaging. As demonstrated 
in ref. 5, these two requirements are almost fulfilled in modern 
instrumentation, and atomic-column imaging at a resolution of 
<0.1 nm by ADF imaging is currently achievable. 

The third requirement, localization in inelastic scattering (3), is the 
major factor for EELS and has been discussed by a few authors"''””, 
This factor can involve several physical descriptions, such as the 
impact parameter and non-locality, which respectively correspond 
to the local and non-local approximation'*"*. The applicability of 
these approximations is related to the degree of coherence in inelastic 
scattering. The local approximation corresponds to the incoherent 
case, in which the inelastic cross-section can be simply described as 
the product of the intensity of an incident electron and the object 
function; the latter is essentially characterized by the impact para- 
meter. By contrast, the non-local description involves a given degree 
of partial coherence. The inelastic cross-section can no longer be 
obtained by simple multiplication, but must be described using the 
wavefunction (not the intensity) of an incident electron and the effec- 
tive non-local potential, which is deduced from the mixed dynamic 
form factor. The non-locality is considered as the ‘uncertain’ region, in 
which the inelastic scattering is partially coherent. Calculations for 
several experimental configurations have been reported’® and have 
shown the difference between the local and non-local approximations. 
In the present experiment, we have applied a small convergence angle 
and a large collection angle, which correspond to the experimental 
configuration in favour of the local approximation. In this case, the 
small convergence angle regulates the reciprocal area of the mixed 
dynamic form factor and suppresses non-dipole transitions in inelastic 
scattering. The large collection angle is effective in reducing the inter- 
ference fringes of inelastic electrons. 

Under the local approximation, delocalization in inelastic scattering 
is predominantly characterized by the angular distribution of inelastic 
scattering. A simple formula has been proposed for the delocalization, 
0.54/0,;°'*, where J denotes the electron wavelength and 0; the relat- 
ivistic characteristic angle’. Several experimental results”'*’® are in 
agreement with this formula. Scattering with higher energy-loss is rela- 
tively localized on the atomic site. The degree of delocalization 
decreases from a few nanometres to subnanometre order with increas- 
ing energy-loss. As the cross-section of the high energy-loss range is 
small, we frequently measure EELS spectra in a low energy-loss range of 
<1keV, which corresponds to a delocalization of >0.1 nm. Conse- 
quently EELS experiments suffer a substantial delocalization effect in 
comparison with the incident probe size. We also note that there are 
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often more than one core-loss peaks of the target element within the 
observable energy-loss range. For example, lanthanum shows the N45 
edge (99 eV) and the Ms edge (832 eV)"; their delocalizations calcu- 
lated using the above-mentioned formula are 0.57 nm and 0.11 nm, 
respectively. In this study, we have clarified the delocalization effect 
by showing the difference between the Ny; edge and the M; edge, 
and we have realized atomic-column resolution using the Ms; edge. 

The last technical requirement (4), exemplified by the stability of the 
probe position, is critical in practice'*. We have developed a stabilized 
STEM instrument (Hitachi High-Technologies, HD-2300C) with 
many mechanical and electronic modifications to the original com- 
mercial product*. We installed the STEM system in an environment- 
controlled room of a specialized building, which reduces the 
mechanical vibration of the floor from any adjacent disturbance. The 
position instability of the STEM electron probe is found to be 
0.12 nm min |, which is about one-tenth that in conventional instru- 
mentation. The spherical aberration coefficient C, of the objective lens 
is 0.57 mm and the probe current about 7 pA. The calculated probe size 
is 0.10nm (full-width at half-maximum, FWHM) at a defocus of 
—50nm (1.3 times the Scherzer focus, —(C,A)'””). By using the 
Fourier transform of the ADF images, the spatial resolution of the 
equipment’ was estimated to be 0.11 nm. The inner and the outer 
collection semi-angles of the ADF detector are 36 and 191 mrad, 
respectively. These optical conditions were applied for both ADF 
imaging and EELS. Two-dimensional spectrum acquisition’ was per- 
formed using spectrum imaging software and an EELS spectrometer 
(GIF Tridiem, Gatan). To retain the accuracy of the measurement, the 
specimen drift during the two-dimensional acquisition was measured 
and corrected every 30s using ADF images. The collection semi-angle 
for EELS was set to a relatively large value of 31 mrad to improve 
collection efficiency and to reduce the extent of delocalization. 

We observed a layered perovskite manganite, La;..Sr;.sMn.O7, 
which is a typical strongly correlated material'*~' (Fig. 1a). A single 
crystal made by a floating-zone method was used. An STEM spe- 
cimen was prepared by mechanical thinning and argon ion milling 
at 4kV. The specimen thickness of the observed area was evaluated to 
be about 30 nm using the EELS log-ratio method’. 

Figure 1b shows an ADF image along the [010] direction, showing 
the areas for two-dimensional EELS and spatial-drift correction. The 
contrast of the ADF image reflects the atomic number of each atomic 
column. A-site columns (La and Sr, yellow-green spheres in Fig. 1a) 
are observed as bright spots, and B-site columns (Mn, blue spheres) 
as relatively dark spots; oxygen columns (red spheres) are not visible. 
The six arrows in Fig. 1a and in Fig. 1b indicate A-site positions. Note 
that there are two different A-sites from the crystallographic view- 
point, as indicated by a yellow arrow p (in the perovskite block) anda 
white arrow r (in the rock-salt layer)”. The ADF signal on the yellow 
arrow p is higher than that on the white arrow r. This suggests that the 
average atomic number differs between the two crystallographic 
A-sites (p and r). This can be analysed by atomic-column EELS. 

Two-dimensional EELS was performed on a rectangular area, in 
which 24 pixels in width and 61 pixels in height were analysed—that 
is, 1,464 electron energy-loss spectra were acquired. An electron 
probe about 0.1nm in FWHM was scanned in steps of 0.035 nm. 
The dwell time on each pixel and the total acquisition time including 
the drift correction were 2 s and 61 min, respectively. Figure 1c shows 
the summed spectrum of the analysed area. The core-loss edges of La 
Nas, OK, Mn L;,, and La M;,, are observed. Strontium does not show 
a clear core-loss peak in this energy range'’. We evaluated each core- 
loss intensity after background subtraction, as shown in the filled 
areas in Fig. lc. 

Figure 2 shows the results of the two-dimensional EELS: the ADF 
image overlapped with the crystal structure model (Fig. 2a), the 
calculated incident probe (Fig. 2b), and the core-loss images of La 
Nas, O K, Mn Land La Ms, respectively (Fig. 2c—f). In spite of the high 
intensity of La Nys, its core-loss image (Fig. 2c) does not show sig- 
nificant contrast. This is due to the large delocalization in inelastic 
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scattering, because the delocalization effect of La Nuys excitation 
(0.57nm) is larger than the lanthanum interatomic distances 
(0.37—0.39 nm) in the crystal. To resolve the shortest inter-column 
distance (Mn—O column to O column, 0.194 nm), a core-loss signal 
of more than 420 eV should be used. In contrast with the La Ny; core- 
loss image, the O K (Fig. 2d), Mn L3,. (Fig. 2e) and La M54 (Fig. 2f) 
core-loss images show column-by-column contrast. The bright dots 
in each core-loss image correctly correspond to each atomic column. 
Note that oxygen columns are also visible, although the ADF image 
does not show bright dots on the oxygen columns. As the contrasts in 
the core-loss images (see the minimum and maximum values in 
Fig. 2d—f) are larger than the variation in the total spectrum intensity 
(for example, about 5%), the contrasts are not due to elastic scatter- 
ing or to absorption on each atomic site. 

In a pioneering study by Suenaga et al.”’, a single lanthanoid atom 
(Gd) embedded in nano-peapods was detected using STEM and EELS. 
To enhance the detectability, these authors used a 0.5 nm probe and 
the N45 core-loss signal (150 eV), and observed a gadolinium atom 
approximately 0.5-1 nm in diameter. To resolve atomic columns in 
the crystal, however, we minimized the probe size (about 0.1 nm) and 
the degree of delocalization in inelastic scattering using the Ms edge. 
Very recently, Bosman et al. also reported EELS analysis using a 
spherical aberration corrector, in which the signal-to-noise ratio of 
the results is improved. A sub-angstrom probe is effective for STEM- 
based techniques; however, it should be pointed out that the diameters 
of the observed atomic columns that we observed (Fig. 2d—f) are larger 
than that of the incident probe (Fig. 2b). This suggests that the incident 
probe size is not the predominant limiting factor of spatial resolution 
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Figure 1| Conventional STEM-EELS observations. a, Crystal structure of 
layered perovskite manganite, La, »Sr,; sMn,O7. Yellow-green spheres 
correspond to A-sites (La and Sr), blue spheres to B-sites (Mn) and red 
spheres to oxygen. There are two different crystallographic A-sites in the 
perovskite block (yellow arrow p) and the rock-salt layer (white arrow r). 
b, ADF image of the specimen observed along the [010] direction. The areas 
for two-dimensional EELS and drift measurement are shown by rectangles. 
c, EELS spectrum acquired from the rectangular area for the two- 
dimensional EELS. The core-loss intensity of each element (blue areas) is 
visualized as a core-loss image (Fig. 2c—f). 
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Figure 2 | Atomic-column imaging using STEM and EELS. a, Enlarged ADF 
image of analysed area overlapped with crystal structure. b, Calculated 
incident probe for EELS and ADF observations. c—f, Core-loss images of La 
Nas, O K, Mn L;,, and La M;,4. Numbers below panels d-f indicate the 
minimum/maximum of the display range; all values correspond to the 
number of detected electrons after multiplying by 10°. Coloured circles in 
panels c-f indicate the corresponding positions of atomic columns. 


in the present atomic-column imaging. Although a small incident 
probe with a large convergence angle is suitable for resolving atomic 
columns under the classical local approximation, a large convergence 
angle yields several difficulties in terms of dechannelling and non- 
locality. It should be emphasized that the essence of the present experi- 
mental configuration for atomic column imaging is not to simply 
make a small incident probe, but to optimize the acquisition condition 
associated with the delocalization in elastic and inelastic scattering. 
The present experimental result indicates that incoherent EELS 
imaging, which allows us to intuitively interpret the core-loss image, 
is achievable under appropriate experimental conditions. 

The core-loss images obtained are informative in materials science. 
For example, in the lanthanum M,; core-loss map (Fig. 2f), the intens- 
ity on the A-sites (the arrows labelled p) in the perovskite block is 
higher than that in the rock-salt layer. This is consistent with the 
above-mentioned ADF image and an X-ray diffraction result”. The 
observation of this kind of local inhomogeneity is important, because 
it could become a seed for a phase transition or magnetic domain-wall 
pinning in strongly correlated materials. Thus, this method enables us 
to discuss the local crystal structure and its material properties beyond 
the stoichiometric understanding of the average crystal structure. 
Although the ultimate goal is the quantitative chemical analysis of 
each atomic column, there are several theoretical and experimental 
challenges. For example, the dechannelling, delocalization and absorp- 
tion in electron scattering should be quantitatively evaluated on each 
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atomic column. In addition, we have to eliminate the surface amorph- 
ous layer produced by ion milling for STEM specimen preparation, 
because the surface ‘mixing’ layer yields a continuous background in 
atomic-resolution elemental/chemical maps. 

In summary, our results clearly demonstrate the atomic-column 
resolution of EELS spectrum imaging. Using STEM and EELS, ele- 
mental and chemical analyses of, for example, site occupancy are 
possible; such analyses are the next stage of material microstructure 
characterization. 
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Visualizing single-molecule diffusion in 


mesoporous materials 


Andreas Ziirner’*, Johanna Kirstein'*, Markus Déblinger', Christoph Brauchle’ & Thomas Bein’ 


Periodic mesoporous materials formed through the cooperative 
self-assembly of surfactants and framework building blocks can 
assume a variety of structures’ *, and their widely tuneable pro- 
perties make them attractive hosts for numerous applications*’. 
Because the molecular movement in the pore system is the most 
important and defining characteristic of porous materials’, it is of 
interest to learn about this behaviour as a function of local struc- 
ture. Generally, individual fluorescent dye molecules can be used 
as molecular beacons with which to explore the structure of—and 
the dynamics within—these porous hosts”""’, and single-molecule 
fluorescence techniques provide detailed insights into the 
dynamics of various processes, ranging from biology'*”’ to hetero- 
geneous catalysis'*. However, optical microscopy methods cannot 
directly image the mesoporous structure of the host system accom- 
modating the diffusing molecules, whereas transmission electron 
microscopy provides detailed images of the porous structure’, but 
no dynamic information. It has therefore not been possible to ‘see’ 
how molecules diffuse in a real nanoscale pore structure. Here 
we present a combination of electron microscopic mapping and 
optical single-molecule tracking experiments to reveal how a 
single luminescent dye molecule travels through linear or strongly 
curved sections of a mesoporous channel system. In our approach 
we directly correlate porous structures detected by transmission 
electron microscopy with the diffusion dynamics of single mole- 
cules detected by optical microscopy. This opens up new ways of 
understanding the interactions of host and guest. 

For the implementation of our approach, key sample requirements 
include extremely thin mesoporous films on electron-transparent 
substrates, the inclusion of different types of markers, and optical 
transparency. We spin-coated a solution with a mixture of tetraethyl 
orthosilicate, Brij 56, HCl, ethanol and water (in a molar ratio of 
1:0.144:0.06:61.69:210), resulting in thin films, measured by ellipso- 
metry to be 100nm thick. The corresponding two-dimensional 
grazing-incidence small-angle X-ray scattering (2D-GISAXS) pattern 
shows a two-dimensional hexagonal arrangement of mesoporous 
silica (Fig. 1a; for details see Methods). Strongly fluorescent terrylene 
diimide (TDI) molecules'*'’, acting as molecular beacons for single- 
molecule tracking, polystyrene beads (280 nm in diameter) as mar- 
kers that are visible in both transmission electron microscopy (TEM) 
and optical microscopy, and gold colloids (5nm in diameter) for 
merging several electron micrographs were added to the synthesis 
solutions of the mesoporous films. The dye molecules were incorpo- 
rated into the pores during the evaporation-induced self-assembly of 
the material’®. 

For the overlay of optical and electron microscopic images, we 
used Si;N, membranes 30nm in thickness supported by a small 
silicon wafer with a 500 um X 500 um window (Fig. 1b, c). The meso- 
porous film was spin-coated into the interior of the window. 


Scanning electron micrographs (Supplementary Fig. 1) show that 
the polystyrene beads are embedded in the mesoporous film. We 
emphasize that no further sample preparation, such as ion milling, 
was needed for electron microscopy at low and high resolution or for 
the optical wide-field measurements. The whole membrane was 
mapped with successive white-light transmission images (Supple- 
mentary Fig. 2a; an enlargement is shown in Fig. 1d) before single- 
molecule fluorescence tracking. For the subsequent analysis by TEM, 
the whole membrane was first mapped at low resolution (Supple- 
mentary Fig. 2b), and then at higher magnification to distinguish 
between single polystyrene beads (Fig. le). In this map we were able 
to retrieve the same geometric arrangement of polystyrene beads as in 
the white-light images (Fig. 1f, g). 

Figure 2 demonstrates the spatial correlation between the single- 
molecule trajectories (movie of 1,000 images, 200ms per frame; 
Fig. 2b) and TEM (Fig. 2c). To overlay the trajectories on the TEM 
images, the positions of the polystyrene beads were determined from 
the same movie (red crosses in Fig. 2b). In the area of the tracked 
trajectories, 400 (20 X 20) TEM images were taken at 40,000 
magnification and were merged by using image cross-correlation 
and gold particle markers to obtain a map of an area of about 
3.5 um X 3.5m (Fig. 2c). From the geometric relationship of the 
polystyrene beads we fitted the scaling factor and rotating angle for 
overlaying the two images by the use of a least-square algorithm 
(Fig. 2d). In this procedure the bead positions in the TEM images 
were used as fixed references, and the wide-field images were scaled, 
rotated and translated during the fitting procedure. A more detailed 
description of the overlay procedure is given in Methods. As an 
example the bead positions and the deviations of the positions in 
the TEM and wide-field images of Fig. 2 are tabulated in Supple- 
mentary Table 1. We take the average deviation for the position of the 
polystyrene beads in both TEM and wide-field imaging as a measure 
for the accuracy of the overlay. It amounts to 26 nm for the overlaid 
images in Fig. 2d, calculated from the values in the last column 
of Supplementary Table 1. From the correlation of five different 
3.5 um X 3.5um TEM maps with the respective tracking data, we 
calculated the deviation of the bead positions in TEM and wide-field 
images to be 29 + 13 nm (mean = s.d.). 

To show the orientation of the pores in the TEM images better, fast 
Fourier transformation (FFT) was applied to adjacent square regions 
of 133 nm X 133 nm (Fig. 2a). The results of the FFT are plotted as 
black lines. The orientation of each “director depicts the average 
orientation of the pores in the square region around it, and the line 
thickness is a measure for the intensity of the maxima in the FFT fit 
and thus for the degree of structural order in this region. In addition 
to the orientation of the channels, these directors give a good 
overview of the domain size and domain borders (Fig. 2a, c, d). 
The enlargement in Fig. 2e directly shows the channels and the 
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Figure 1| Sample systems. a, A 2D-GISAXS 
pattern of the mesoporous film on a silicon wafer. 
b, Scanning electron micrograph of a coated 
Si;N4 membrane window on the silicon support. 
c, Diagram of a coated membrane. d, White-light 
transmission image of the region of interest. 

e, TEM image of the region of interest. f, g, The 
same characteristic formation of polystyrene 
beads shown by white-light transmission (f) and 
by TEM (g). 


Silicon support 
(200 pm thick) 


ke 


corresponding FFT directors, as well as the trajectories of the dye 
molecules along the channels. 

The combination of the two techniques provides the first direct 
proof that the molecular diffusion pathway through the pore system 
correlates with the pore orientation of the two-dimensional hexagonal 
structure. In addition, the influence of specific structural features of 
the host on the diffusion behaviour of the guest molecules can be 
clearly seen. With this approach we can uncover, in unprecedented 
detail, how a single fluorescent dye molecule travels through linear or 
strongly curved sections of the hexagonal channel system in a thin film 
of mesoporous silica (as sketched in Fig. 3a, b), howit changes speed in 
the channel structure, and how it bounces offa domain boundary with 
a different channel orientation (Fig. 3c). Furthermore, we can show 
how molecular travel is stopped at a less ordered region (Fig. 3d), or 
how lateral motions between ‘leaky channels allow a molecule to 


Figure 2 | Merging of the single-molecule trajectories and the TEM 
micrographs. a, The merged TEM map is redivided into equal-sized squares 
that are processed by FFT as shown in the insets. The direction of the 
channels is perpendicular to a straight line through the maxima. The 
thickness of the black directors, pointing along the pore direction, correlates 
with the structural quality. b, Diffusion pathways of single molecules 
through the pore system (blue trajectories) and positions of the polystyrene 
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explore different parallel channels within an otherwise well-ordered 
periodic structure (Fig. 3e). Figure 4 depicts several examples of spe- 
cific pore ordering, indicated by the FFT directors, in combination 
with the overlaid trajectories, showing the various structural features 
that are shown in Fig. 3. The positioning error for the single molecule 
trajectories is shown by the light blue boxes, which indicate the 
standard deviation of the fitted (x,y) positions. It is in the range of 
only 10-20 nm; the molecular positions can therefore be assigned to 
an ensemble of about five to ten parallel channels. 

Figure 4a depicts a trajectory of a molecule that is following the 
porous system along different structural domains. The correspond- 
ing wide-field movie and the tracked trajectory of the single molecule 
overlaid with the TEM images are provided in Supplementary 
Movies | and 2. In this case the average deviation of the overlaid 
images is 34nm (see Methods and Supplementary Information). 
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beads (red crosses). ¢, The same area as in b is imaged by TEM, with lines 
indicating the direction of the channels (FFT directors) and yellow crosses 
marking the centres of the polystyrene beads. d, Final overlay of trajectories 
on TEM images; this was obtained by fitting to the best overlay of the 
polystyrene bead positions. e, Enlargement of a region in d, showing the 
trajectories running along the channels. 
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The molecule in Fig. 4a and Supplementary Movie 2 diffuses along 
linear pores in the middle part of the trajectory and follows the 
curvature on the right and on the left side. In addition, it turns at a 
domain boundary, as shown in more detail in Fig. 4b. The insets in 
the upper right corners of Fig. 4a, b show the different structural 
elements of this trajectory that were sketched in Fig. 3. To analyse 
the diffusion along this trajectory we projected the data points onto a 
manually defined backbone of the trajectory. Then we plotted the 
averaged mean-square displacement (1°) along the backbone as a 
function of time. The linear relation of (7°) with time was fitted in 
accordance with the Einstein—Smoluchowski equation for one- 
dimensional (1D) diffusion for the first few time lags*', resulting in 
a 1D diffusion coefficient D,p of (3.2£0.1) X 10° 7pm?’s_ 1. It is 
important to analyse the 1D diffusion along the backbone, because 
the 7 in the curved region would otherwise tend towards smaller 
values for longer time lags. 

Figure 4c shows another example ofa molecule faithfully following 
the pores and mapping out specific elements of the host structure (see 
also Supplementary Movie 3). Here the average deviation of the 
overlay is 48 nm. In this case only one single bead and two pairs of 
closely neighbouring beads could be used for the overlay, which 
explains this relatively high value (see Methods). The molecule was 
blinking several times for intervals of up to 6.6 s, and the trajectory is 
therefore divided into 11 parts, with durations ranging from 0.6 to 
11.8 s, shown in different colours. The perfect overlay of the S-shaped 
trajectory on the pore system is shown well by the FFT directors. In 
Fig. 4d—f the specific regions marked with rectangular boxes in Fig. 4c 
are shown, and the insets sketch the different behaviours at specific 
regions of the trajectory (as in Fig. 3). Although the resolution of the 
optical microscope was not high enough to assign the position of a 
molecule to one specific channel, the width of the middle of this 
trajectory (magnified in Fig. 4d) shows that the molecule was moving 
in different straight parallel channels of the same domain. Especially 
interesting is the short element at the end of the yellow trajectory 
where the molecule makes a U-turn and diffuses back in a parallel 
track that is different from the original track, as shown at the left of 
Fig. 4d. On the basis of the spatial resolution of the optical pathways, 
we conclude that the molecule is diffusing in different parallel pores. 
At the left end of the trajectory in Fig. 4c the molecule diffuses in a 
well-ordered straight structure and bounces back repeatedly from an 
amorphous region having no apparent pore ordering, as shown in 
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Figure 3 | Structural elements found in real two-dimensional hexagonal 
mesoporous silica film. a, b, Straight (a) and curved (b) segments. c, Domain 
boundaries forcing molecules to turn back. d, Molecular travel stopped at 
less ordered regions. e, Lateral motion between neighbouring channels. 
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Fig. 4e. At the right of Fig. 4c a domain boundary region is visible; this 
structure is shown in more detail in Fig. 4f Here the molecule 
bounces back from the domain boundary with channels having dif- 
ferent orientations, as sketched in Fig. 3c and in the inset. The orange 
lines in Fig. 4fare situated slightly above the region of linear channels. 
However, if the average deviation of the overlay of 48 nm is taken into 
account it is highly probable that the molecule was actually diffusing 
along the linear structure in the bottom region of the figure. 
Furthermore, one should keep in mind that we are sampling dif- 
fusion at discrete points in time and space. The connecting lines 
are just a method of visualizing the trajectories; they do not represent 
the molecules’ exact path. 


Figure 4 | Structural elements and molecular trajectories found in real two- 
dimensional hexagonal mesoporous silica film. a, Molecule exploring 
regions of parallel channels, strongly curved regions and domain 
boundaries. b, Magnified area from a showing the domain boundary at 
which the molecule turns back. ¢, Trajectory of another molecule, showing 
an S shape corresponding to the underlying channel structure. The 
trajectory is divided into several sections as a result of blinking of the 
fluorescent molecule; the sections are plotted in different colours. d, Lateral 
motions between ‘leaky’ channels (yellow trajectory). e, Area in which the 
molecular movement is stopped at a less ordered region. f, Forcing of the 
fluorescent molecule to turn back (green pathway) at a domain boundary. In 
all panels the light blue boxes depict the standard deviation of the fit to the 
single-molecule signals; that is, the positioning accuracy. Movies showing 
the diffusion of the single molecules in a and ¢ are available as 
Supplementary Movies 1-3. 
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Projection of the trajectory shown in Fig. 4c onto its backbone 
and calculation of the average diffusion coefficient along the 
backbone gives Dip = (3.0 0.1) X 10°? m?s~'. In addition, we 
calculated the following individual average diffusion coefficients 
for the parts of the trajectory showing no blinking for at least 20 
frames: red (frames 1-33), Dip = (3.6 + 0.2) X 10°? um’ s~'; green 
(frames 37-82), Dip =(1.1+0.1) X 10-*pum*s~'; blue (frames 
100-119), Dip = (1.0 £ 0.1) X 107-7 pm? s~ 3; yellow (frames 135— 
157), Dip = (2.0 + 0.1) X 107-7 ppm? 57}; orange (frames 176-244), 
Dp = (5.50.1) X 10°? um?s~'; and violet (frames 308-328), 
Dyp = (1.3 £ 0.1) X 107? pm’ s~!. Parts of the trajectory with fewer 
than 20 points are drawn in black. The noticeable changes of the 
‘local’ diffusion coefficient show that the diffusion behaviour of the 
molecules is strongly dependent on the surrounding pore structure. 
When the molecule is ‘bouncing back’ at an unstructured region, as 
in the dark blue part of the trajectory, Dp is smaller than in regions 
where the molecule is diffusing along the trajectory (orange and red). 
On average the values are in the same range as the diffusion coef- 
ficient for the U-shaped trajectory shown in Fig. 4a and also many 
other trajectories observed in the same sample (not shown). 

In this study we correlate directly the dynamic information from 
the diffusion trajectories of single guest molecules with the detailed 
structure of the porous host in regions up to 3.5 um X 3.5 um in size. 
This approach reveals the nature of the real-space porous defect 
structure, as detected by the movement of fluorescent single mole- 
cules, containing linear or strongly curved sections of the hexagonal 
channel system, domain boundaries, boundaries between ordered 
and disordered sections, and leaky channels that permit lateral travel. 
We emphasize that our approach provides detailed information on 
the real defect structure of porous materials with high spatial reso- 
lution that cannot be obtained by scattering methods because of the 
intrinsic averaging effects. Similarly, we also obtain highly resolved 
dynamic information in real time that cannot be extracted from 
conventional diffusion techniques because of ensemble averaging. 
This new methodology is expected to provide detailed insights into 
the real structure and dynamics of other classes of porous materials 
and important host—guest systems, such as bioactive molecules in 
porous materials for drug delivery or reactants in porous catalysts. 


METHODS SUMMARY 

Synthesis. First, 2.08 g (0.01 mol) of tetraethyl orthosilicate (Sigma-Aldrich) 
were mixed with 3 g of 0.2 M HCl, 1.8 g of water and 7.9 g of ethanol and heated 
at 60°C for 1h to accomplish acid-catalysed hydrolysis—condensation of the 
silica precursor. This solution was mixed with a second solution containing 
600 mg of Brij 56 and 12.5 of ethanol. Finally, 75 pl of this mixture were com- 
bined with 4 ll ofa highly diluted TDI solution (~10- * moll”! in ethanol), 20 pl 
of a gold colloid solution (diameter 5nm, concentration corresponding to 
~0.01% HAuCl; Sigma-Aldrich), 15 pl of a polystyrene bead solution 
(Polybead microspheres, diameter 0.281+0.014um, 2.6% solids (latex); 
Polysciences) and 40 pl of deionized water. The samples were prepared in dry 
air by spin-coating at 3,000 r.p.m. and then analysed as synthesized. 
Ellipsometry. Ellipsometry measurements were performed on a Woollam ESM- 
300 ellipsometer. 

TEM. TEM images were obtained with a JEOL 2011 transmission electron 
microscope operated at 200 kV by using the software-controlled mapping func- 
tion of the charge-coupled device camera (model TVIPS F114). 

2D-GISAXS. 2D-GISAXS was performed at beamline BW4 (HASYLAB, Hamburg). 
Wide-field microscopy and single-particle tracking. Fluorescence images were 
recorded with a wide-field setup as described in Methods and in more detail in 
refs9, 11. The fluorescent dye molecules were excited with a HeNe laser at 
633 nm, and movies of 1,000 images were recorded to follow their diffusion. 
The examples presented here were measured with an exposure time of 200 ms per 
image. The individual molecule patterns are fitted by a gaussian function 
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with a positioning accuracy of down to 10 nm, where A and ware the amplitude 
and the width of the gaussian curve, respectively. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Films for characterization by X-ray diffraction and ellipsometry. For X-ray 
diffraction and ellipsometry measurements, 2001 of the final precursor 
solution were spin-coated on silicon wafers (28 mm X 15 mm). The correspond- 
ing 2D-GISAXS pattern (Fig. 1a) shows a two-dimensional hexagonal order for 
the mesoporous silica, with the peaks corresponding to the d-spacings of 
d(10) =5.5nm and d(01) =5.9nm, respectively. The pore-to-pore distances 
are therefore a(01) =7.0nm (parallel to the substrate plane) and a(10) = 
6.5 nm. The shrinkage of the pores normal to the substrate is 7%. The thickness 
determined by ellipsometry is about 100 nm. 

Overlay of optical and electron microscopy images. For the preparation of the 
films, 50 ul of the final precursor solution were spin-coated on Si;N4 membranes 
30 nm in thickness supported by a small silicon wafer with a 500 um X 500 tm 
window (Fig. 1b, c; PLANO; Wetzlar). The film on the central region of the 
supported membrane was thin enough for electron microscopy. The polystyrene 
beads and the gold nanoparticles were enclosed in the mesoporous film 
(Supplementary Fig. 1). 

The wide-field microscopy setup was based on an Eclipse TE200 (Nikon) 
epifluorescence microscope with a high-numerical-aperture (NA) oil-immersion 
objective (Nikon Plan Apo 100X/1.40 NA oil). The molecules were excited at 
633nm with a HeNe gas laser (75 mW max. at 632.8 nm; Coherent) with an 
intensity of about 0.3kW cm’, and their fluorescence was detected with a 
back-illuminated EM-CCD camera in frame transfer mode (iXon DV897, 512 
pixels X 512 pixels; Andor). Incident laser light was blocked by a dichroic mirror 
(640 nm cutoff; AHF) and a bandpass filter (730 nm/140 nm; AHF). Additional 
lenses (f= 150 mm, f= 200 mm, achromat; Thorlabs) in the detection pathway 
give an overall magnification of X 133. This means that the side of one square pixel 
on the camera chip (16 1m) should represent 120 nm on the sample. By using the 
USAF test target (1951 Chromium positive; Melles Griot) this value was experi- 
mentally determined to 122nm, which agrees well with the theoretical value. 
Because the films were much thinner than the focal depth of the microscope 
objective used (>1 tum), images contain data from molecules at all heights inside 
and on the surface of the sample. Series of 1,000 images were acquired with a 
temporal resolution of 200 ms per frame. In each movie frame, single molecules 
show up as bright spots. Because the Si;N, membranes give a relatively high and 
inhomogeneous background signal, the background was subtracted frame-to- 
frame from the films before tracking of the molecules. Single-molecule trajectories 
were then built up by fitting the positions of the spots from frame to frame. 
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To overlay these trajectories on the TEM images, the positions of the poly- 
styrene beads had to be determined from the same movie. For this purpose the 
laser shutter was closed for the last 240 frames of the movie and the polystyrene 
beads were imaged in transmission in white light (Supplementary Movie 1). 
Their positions were fitted in inverted images with the same gaussian fit routine 
as the single molecules (red crosses in Fig. 2b). Mean and standard deviations of 
the fitted positions were calculated and tabulated. 

After optical microscopy the sample was analysed with TEM. Again, during 
the first step the whole membrane was mapped at low resolution (Supplemen- 
tary Fig. 2b). The central region with the appropriate thickness was then mapped 
at a magnification high enough to distinguish single polystyrene beads (Fig. le). 
In this map we could retrieve the same geometric arrangement of polystyrene 
beads as in the white-light transmission images (Fig. 1f, g). In all, 400 (20 X 20) 
images in the neighbourhood of the tracked trajectories were taken at X 40,000 
magnification and were merged by using image cross-correlation to obtain a 
map ofan area of about 3.5 [tm X 3.5 pum. The centre positions of the polystyrene 
spheres in the TEM images were determined by fitting a circle on the outside 
margin of their patterns. 

The overlay of the TEM and wide-field images was accomplished by fitting 
the best overlay of the polystyrene bead positions in the respective images by 
the use of a least-square algorithm (Fig. 2b—d). In this iterative process the sum 
of the squared deviations of the bead positions in TEM images and wide-field 
tracking data was minimized by scaling, rotating and translating the tracking 
data. As an example, Supplementary Table 1 shows the bead positions in the 
TEM images and in wide-field tracking data of Fig. 2 before and after the 
overlay procedure. In Fig. 2, the positions of four well-separated beads were 
used, yielding an average deviation of 26 nm after the overlay. The two beads at 
the left edge of the TEM image in Fig. 2c are too close to be resolved by optical 
microscopy. They are therefore not included in the overlay process. However, 
in some cases such pairs of closely neighbouring beads had to be used for the 
overlay to have a minimum of three anchor points for the overlay. In such 
cases, the individual positions of the closely neighbouring beads were deter- 
mined in the TEM images. The centre position between the two beads was then 
correlated with the centre position of the single spot resulting from the two 
beads in the respective white-light transmission images, fitted by the gaussian 
function. For example, in Fig. 4d—f two such doubled beads had to be used for 
correlating tracking data and TEM images, which resulted in an average devi- 
ation of 48 nm. 
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A diffusion mechanism for core-mantle interaction 


Leslie A. Hayden’ & E. Bruce Watson’ 


Understanding the geochemical behaviour of the siderophile 
elements — those tending to form alloys with iron in natural 
environments — is important in the search for a deep-mantle 
chemical ‘fingerprint’ in upper mantle rocks, and also in the 
evaluation of models of large-scale differentiation of the Earth 
and terrestrial planets. These elements are highly concentrated 
in the core relative to the silicate mantle, but their concentrations 
in upper mantle rocks are higher than predicted by most core- 
formation models’”. It has been suggested that mixing of outer- 
core material back into the mantle following core formation may 
be responsible for the siderophile element ratios observed in 
upper mantle rocks’. Such re-mixing has been attributed to an 
unspecified metal-silicate interaction in the reactive D” layer just 
above the core-mantle boundary*. The siderophile elements are 
excellent candidates as indicators of an outer-core contribution to 
the mantle, but the nature and existence of possible core-mantle 
interactions is controversial®. In light of the recent findings that 
grain-boundary diffusion of oxygen through a dry intergranular 
medium may be effective over geologically significant length 
scales® and that grain boundaries can be primary storage sites 
for incompatible lithophile elements’, the question arises as to 
whether siderophile elements might exhibit similar (or greater) 
grain-boundary mobility. Here we report experimental results 
from a study of grain-boundary diffusion of siderophile elements 
through polycrystalline MgO that were obtained by quantifying 
the extent of alloy formation between initially pure metals sepa- 
rated by ~1 mm of polycrystalline MgO. Grain-boundary diffusion 
resulted in significant alloying of sink and source particles, enab- 
ling calculation of grain-boundary fluxes. Our computed diffu- 
sivities were high enough to allow transport of a number of 
siderophile elements over geologically significant length scales 
(tens of kilometres) over the age of the Earth. This finding estab- 
lishes grain-boundary diffusion as a potential fast pathway for 
chemical communication between the core and mantle. 

The distribution of the chemical elements in the Earth has tra- 
ditionally been characterized according to their partitioning beha- 
viour towards minerals, melts and fluid phases. In general, grain 
boundaries have not been considered significant storage sites for 
most elements, though this view is changing following the recent 
demonstration that localization at grain boundaries is potentially 
important for at least some elements*. The capacity of grain bound- 
aries to transport a given element (as opposed to simply store it) is a 
function of both the partitioning of that element into the grain 
boundary and its grain-boundary diffusivity. These combine to 
determine the potential grain-boundary flux. Grain-boundary diffu- 
sivities of cations and oxygen in oxides and silicates are typically 
several orders of magnitude higher than lattice values”'’. To our 
knowledge, no data are available for grain-boundary diffusion of 
electrically neutral, highly incompatible metal atoms in oxides, as 
conventional studies of grain-boundary diffusion rely upon the 
compatibility of the diffusant in the crystal lattice to detect grain- 
boundary transport'’. The highly and moderately siderophile 


elements (HSE and MSE) are not only very incompatible in the 
lattices of mantle phases, but also likely to have very low lattice 
diffusivities—an extreme case of ‘type C’ grain-boundary diffusion 
in the terminology of Harrison'’. These elements may nevertheless be 
present and mobile in the grain boundaries of mantle phases, which 
would lead to a previously unrecognized reservoir and pathway for 
storage and transport. Grain-boundary concentrations are expected 
to be very low, so direct detection is beyond any means currently 
available. In this study we chose to explore the grain-boundary 
mobility of siderophile elements in polycrystalline MgO (periclase). 
A simple, dense oxide that is stable over a wide range of pressure— 
temperature conditions, this mineral is a suitable analogue for deep- 
mantle materials that can be studied in adequately sized samples at 
conditions accessible to solid—media devices. 

All elements selected for this study are mobile in grain boundaries 
of polycrystalline MgO. Grain-boundary transport caused 0.07-95% 
alloying with Pt, depending on the source element and the run dura- 
tion. Overall, Os and Re consistently displayed the smallest grain- 
boundary fluxes, while Au, W and Rh displayed the largest. The 
amount of alloying with Pt differed not only between different ele- 
ments but also from particle to particle within the same experiment 
by up to a factor of 5. Not all of the Pt sink particles contained the 
same concentration of the source element. The distribution of alloy- 
ing source atoms was also not homogenous in the Pt foils used in 
place of particles in some experiments. This implies that not all grain 
boundaries are equally ‘conductive’ pathways. 

Results are shown in Fig. 1. The grain-boundary fluxes vary over 
approximately three orders of magnitude among the elements 
studied. There is good reproducibility among experiments, as results 
are generally within the same order of magnitude. The elements in 
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Figure 1| Results of single-sink experiments. All the experiments shown 
were run at 1,600 °C and 2.5 GPa for 10h, with a sink layer located ~1 mm 
from the source layer. Filled triangles represent initial series of experiments; 
open triangles represent experiments repeated in duplicate or triplicate. 
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Fig. 1 are listed in order of increasing flux; at this time there does not 
appear to be a clear correlation between an element’s grain-boundary 
diffusivity and any single atomic property, such as mass, volatility or 
siderophility. 

For selected siderophile elements, additional experiments were 
performed with modified experimental conditions such that the sink 
layer was moved farther away from the source, the experiments were 
run for a longer time or both conditions were modified. The results of 
this series of experiments are shown in Fig. 2. The flux values for these 
modified runs have been normalized (to x= 1mm and t= 10h, 
where x is the distance between the source and sink, and t is the 
run duration) in order to better compare the results. There is again 
very good agreement among samples, and this series produced results 
that make sense in the context of well-understood diffusion princi- 
ples’’. A run duration of 50h resulted in a lower time-averaged flux 
than one of 10 h. Increasing the distance between the source and sink 
horizons from 1 mm to 5 mm resulted in a markedly decreased aver- 
age flux. The time-integrated flux should be proportional to time for 
steady-state transport. Steady-state conditions are assumed to hold 
here for the purpose of obtaining diffusivity estimates, but this is not 
strictly realistic because of the dynamic nature of the system, which 
exhibits coarsening of MgO grains and compositional changes in 
both the source and sink particles. These results are also consistent 
with the data in Fig. 1. 

Back-scattered electron imaging of the polycrystalline MgO 
revealed a distinct increase in average grain size with increasing run 
duration. This is due to normal grain coarsening, but its occurrence 
in these experiments is potentially significant because it reduces the 
total grain-boundary area (or volume) of the MgO. The bulk flux 
of siderophile diffusant atoms through the MgO must undergo a 
gradual diminution with time as some grain-boundary pathways 
are modified and others eliminated completely. It is possible that 
coarsening effects are responsible for some of the scatter in Fig. 2. 
With the exception of Pt, the (normalized) time integrated fluxes of 
source atoms were smaller in the longer runs, due in part to grain 
growth causing decreased total grain-boundary volume. 

Because of the low concentrations of the siderophile elements in 
the grain boundaries (below detection with an electron microprobe) 
and the very narrow (~1nm) width of individual grain bound- 
aries'**, direct measurement of the atoms of interest in the grain 
boundaries was not possible. Ideally, knowledge of the concentration 
gradient along the grain boundaries from source to sink is necessary 
for calculation of diffusivity. In order to translate the calculated 
relative fluxes of the elements into an estimate of diffusivity, a series 
of experiments was run using multiple evenly spaced Pt foil sink 
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Figure 2 | Time-averaged flux values. Flux values for selected elements 
were derived from the time series. The solid line represents the ‘standard’ 
set-up with the shortest run duration. The open circles, triangles and 
inverted triangles represent experiments with modified run conditions, as 
shown in the key. 
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layers in the MgO. Results of these multi-sink experiments are shown 
as the solid line in Fig. 3. These experiments also differ in that they 
each had two elements in the source layer, effectively setting up a 
diffusion ‘race’. Figure 3 shows the fluxes from the source layer to the 
first sink layer only, and these results are generally consistent with the 
results of the single-sink experiments. The presence of a competing 
element does not seem to have a significant effect on the mobility 
compared to that element diffusing alone. The concentrations at each 
sink horizon were determined and plotted as a function of distance 
from the source layer, then fitted with a simple error function solu- 
tion to estimate diffusivity: C(x,1) = Co[1 — erf(x/./4Dt)], where Cy is 
the initial concentration of the source element (~1 for the pure 
starting metal), x is the distance from the source layer, D is the 
diffusivity and tis the experiment duration. Given local equilibrium 
between the metal particles and the grain boundaries, the varying 
concentrations in the metal particles as a function of distance from 
the source provide a relative measure of concentration variation in a 
grain boundary that connects a source particle to a sink. The resulting 
diffusivities range from 10° '*m7s~'to 10’ m*s_ | (Supplementary 
Fig. 3). These diffusivities represent minimum values due to the fact 
that some of the diffusing source particles are ‘trapped’ upon reach- 
ing the initial Pt sink layer, and source concentrations in the more 
distant sinks are lower than they would be in the absence of this 
chemical (and physical) boundary. 

To put these diffusivity values in perspective, the characteristic 
diffusion distance (x* = Dt) over the Earth’s history for these ele- 
ments is on the order of 1-100 km (Fig. 4). Grain-boundary diffusion 
of siderophile elements is thus fast enough to allow significant core— 
mantle communication, especially if material diffused into the 
lowermost mantle from the outer core is swept into the mantle con- 
vective cycle. 

When considering the implications of this experimental work to 
the environment at the core—mantle boundary (CMB), there are a few 
parameters to take into consideration. First, these experiments were 
done at temperatures and pressures significantly lower than the con- 
ditions at the CMB. Increasing temperature and pressure generally 
have opposing effects on diffusion; that is, diffusivity increases with 
temperature and decreases with pressure. Preliminary work'® has 
shown that tungsten mobility increases dramatically between 1,450 
and 1,600 °C. Second, although MgO (as magnesiowiistite) is widely 
believed to be present in the lower mantle’’, the predominant phase is 
Mg-perovskite. It seems unlikely that the grain-boundary mobility of 
HSE and MSE observed in MgO would be hampered by the presence 
of Mg-perovskite, but it is premature to assume that perovskite grain 
boundaries would also serve as high-diffusivity pathways for these 
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Figure 3 | Comparison of single and multi-sink experiments. The solid line 
represents multi-sink runs with three sink horizons of Pt foil located ~1.5, 3 
and 4.5 mm from the source layer. Elements were run in pairs: Os-Rh, Re- 
Ru, Co-Au, W-Ir and Cu-Mo. Solid and open triangles represent initial and 
replicate experiments, respectively. 
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Figure 4 | Characteristic diffusion distance. This value was determined 
using the relation x = Dt based on calculated grain-boundary diffusivity 
for MSE and HSE over various time periods: 10,000 yr, 1 Myr, 100 Myr and 
4Gyr. 


elements. The contiguity (extent of grain-to-grain contact) of mag- 
nesiowiistite, in addition to the possible existence of discontinuous 
zones or layers in the lower mantle phases, may also influence the 
potential for long-distance transport. Finally, diffusion between two 
pure metals is not representative of CMB conditions, but represents a 
simple experimental design from which data can be obtained over 
laboratory timescales and within analytical constraints. 

Here we have shown that a large number of siderophile elements 
are mobile in the grain boundaries of polycrystalline MgO. The dif- 
fusivities of these elements are high enough to suggest that grain- 
boundary diffusion could occur on a geologically significant length 
scale. Grain-boundary diffusion (combined with convective over- 
turn of the mantle) is thus a plausible mechanism for chemical inter- 
action at and above the core-mantle boundary. Understanding the 
grain-boundary segregation and diffusion behaviour of these 
elements would provide a new tool for interpreting the abundance 
patterns and isotope systematics of siderophile elements in mantle 
rocks and thus understanding the geochemical processes in the 
Earth’s mantle. 


METHODS SUMMARY 


The general experimental strategy was to establish a one-dimensional gradient in 
the chemical potential of each metal of interest (Os, Ir, Ru, Rh, Pt, Re, Au, W, 
Mo, Co or Cu) across a volume of polycrystalline MgO having an equilibrium 
microstructure. Our technique involved pre-fabrication of MgO wafers (~3 mm 
diameter X 1 mm thick), the opposing faces of which were smeared with metal 
powders—a ‘source’ of the diffusant of interest on one side and a suitable ‘sink’ 
metal (Pt powder or foil) on the other. During the actual diffusion anneals, the 
faces created source and sink horizons of metal particles separated by ~1 mm of 
polycrystalline MgO, typically ~50 1m in grain size. The wafers were placed ina 
standard 12.7 mm diameter piston-cylinder assembly and held at 1,600 °C and 
2.5 GPa for 10 to 50h. Viewed in terms of a single planar grain boundary, the 
‘source-sink’ experimental strategy works as follows: diffusant atoms (for 
example, Au) are partitioned into the grain boundary at the source and diffuse 
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along the boundary until they encounter the sink phase (Pt) into which they 
dissolve. The time-integrated grain-boundary flux (J,,) can be evaluated by 
measuring the total number of diffusant atoms (m) accumulated in the sink in 
a given time: 


t 
n= Aw | Tgp dt (1) 
t=0 
where Ajn: is the effective cross-sectional area of the grain boundary that is 
intersected by the sink phase. The implementation of this idea for a volume of 
MgO having numerous grain boundaries of diverse orientation is discussed in 
the Methods section. The run products were analysed with an electron microp- 
robe by measuring the concentration of the source element in the Pt (essentially 
determining n in equation (1)). The alloying (or ‘“communication’) of the two 
initially pure metals separated by polycrystalline MgO is taken as proof of the 
existence of grain-boundary diffusion pathways in the MgO. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Traditional methods of characterizing grain-boundary diffusion depend on the 
compatibility of the element of interest in the crystal lattice. However, in cases 
where the diffusant can be presumed to exist primarily in the grain boundaries, as 
with the HSEs, its mobility may be undetected by most bulk analysis methods. 
Therefore the characterization of grain-boundary transport of siderophile ele- 
ments in oxides requires a different experimental strategy, using ‘source’ and 
‘sink layers of metal to detect movement through grain boundaries. 

In the most basic type of experiment, cylindrical MgO wafers, approximately 
1mm in length, were presynthesized to obtain an equilibrium microstructure. 
Powdered metal particles were smeared on each side of the wafer; the upper 
horizon with the diffusant or ‘source’ (Os, Ir, Ru, Rh, Pt, Re, Au, W, Mo, Co, Cu) 
and the lower horizon with the ‘sink’ element, Pt (in some experiments thin Pt 
foil was used instead of metal powder) (Supplementary Fig. 1). As the source 
elements are highly incompatible in the lattice, alloying of the source element 
with the initially pure Pt ‘sink particles implies a grain-boundary diffusion 
pathway. The wafers were placed in a graphite furnace in a standard 12.7 mm 
piston-cylinder assembly in which the furnace was separated from the NaCl 
pressure medium by a thermally insulating silica glass sleeve (Supplementary 
Fig. 1). Experiments were run at 1,600 °C and 2.5 GPa for 10-50 h. There was also 
a series of experiments containing multiple sink layers involving three Pt foil 
horizons located ~1.5, 3 and 4.5mm from the source layer; as well as a ‘time 
series’ for selected elements in which either the run duration (up to 50h) or 
diffusion distance (up to 6mm) was modified. 

Although the oxygen fugacity during the run was not measured or quantified, 
it can be constrained to a reducing environment. The graphite furnace shows the 
presence of reduced carbon. The inherent stability (absence of oxidation) of the 
W-Re thermocouple and the stability of the metal phase in experiments run 
with oxide-forming siderophiles (Mo-MoO,) are also indications of reducing 
conditions. 

The run products were analysed with a Cameca SX-100 electron microprobe 
by measuring the concentration of the source element in the sink particles/foils. 
The source particles were also analysed for the presence of sink materials. 
Analyses were performed with a 1 or 101m beam (for analyses of particles 
and foils, respectively) at 15 kV accelerating potential and sample currents of 
100 nA. K,, X-rays were collected through LiF crystals for Co and Cu; L, X-rays 
were collected through PET (pentaerythritol) crystals for Rh, Ru and Mo and 
through a LiF crystal for Pt; and M, X-rays were collected through PET crystals 
for Au, Ir, Os, Re and W. Acquisition times were 60s for all elements except Pt, 
for which it was 10s. These analytical procedures resulted in detection limits on 
the order of ~10 p.p.m. for Mo and Os; ~300 p.p.m. for Co, Cu, Ir, Re, Rh and 
Ru; and ~1,000 p.p.m. for Au, Pt and W. In the experiments with Pt powder in 
the sink horizon, owing to beam limitations only particles larger than a few 
micrometres in diameter were analysed. In experiments with foils, analyses were 
done along the length of the foil in approximately ~40 km steps. To ensure that 
neither the furnace nor the silica glass sleeves were breached by NaCl, energy 
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dispersive X-ray spectrometer analyses for NaCl were performed on both the 
polycrystalline MgO medium and the graphite and silica sleeves. Back-scattered 
electron images were also taken of the sectioned samples. 

The raw microprobe data were used in conjunction with SigmaScan image 
software to determine the grain-boundary volume in the sample and ultimately 
the flux of source atoms through the MgO (Supplementary Fig. 2). This was done 
by first calibrating the scale of the back-scattered electron image, then using the 
software to determine the area of the Pt particles or foils. The two-dimensional 
image was assigned a depth of 10 jum, which seems a reasonable estimate given 
the general shape of the Pt particles. This volume was then converted to a mass of 
Pt via its density. The number of atoms and then the mass of the source element 
in each particle (or foil) can then be determined. The average concentration (for 
runs with Pt particles) is essentially the summation of the total mass of source 
element divided by the summation of the total mass of sink element. 

The time-integrated grain-boundary flux (Jgb) can be evaluated by measuring 
the total number of diffusant atoms (n) accumulated in the sink in a given time 
via equation (1) in the main text. 

In order to determine the grain-boundary volume, the total length of the grain 
boundaries was carefully measured, again with the software, and assigned a width 
of 1 nm. The distance between the source and sink horizons was measured and 
then multiplied by a factor of 1.7 to represent the tortuosity of the pathway. 
These three parameters—mass transport, grain-boundary volume and diffusion 
distance—plus the duration of the experiment were then used to calculate the 
flux of the source element through the grain boundaries. This amounts to a 
practical implementation of equation (1) for a complex, polycrystalline sample. 

The flux alone has value as a qualitative indicator of the effectiveness of grain- 
boundary diffusant transport, but additional information or assumptions are 
needed to calculate diffusivity. Assuming the system quickly establishes a (near) 
steady-state condition, the relationship between diffusivity and flux in the grain 
boundary is given approximately by 


where dc/dx is the concentration gradient of the diffusant in the grain boundary. 
Complications arise in this simplistic approach, of course, because neither the 
absolute concentrations in the grain boundary nor dc/dx is expected to be 
directly measurable (or strictly constant), but in the total absence of data even 
approximate diffusivities have value. A semi-infinite model for diffusion 


Cox.t) = onnl —erf(x/Vv 4Dt)| (3) 


was used to calculate D from the ‘concentration profile’ from multi-sink experi- 
ments. This approach is appropriate—even for fast diffusing elements like Au 
and W, the mass transfer via diffusion is very small compared to the mass of the 
source layer. However, this is by no means a rigorous mathematical treatment, 
because no such treatment is available for these and similar experiments. It was 
implemented to approximate diffusivity within an order of magnitude. 


©2007 Nature Publishing Group 
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Small molecule activators of SIRT1 as therapeutics for 
the treatment of type 2 diabetes 


Jill C. Milne’*, Philip D. Lambert!*, Simon Schenk**, David P. Carney’, Jesse J. Smith’, David J. Gagne’, Lei Jin’, 
Olivier Boss’, Robert B. Perni’, ChiB. Vu', Jean E. Bemis’, Roger Xie’, Jeremy S. Disch', Pui Yee Ng’, Joseph J. Nunes’, 
Amy V. Lynch’, Hongying Yang’, Heidi Galonek’, Kristine Israelian', Wendy Choy’, Andre Iffland', Siva Lavu', 
Oliver Medvedik', David A. Sinclair’, Jerrold M. Olefsky*, Michael R. Jirousek’, Peter J. Elliott’ 


& Christoph H. Westphal’ 


Calorie restriction extends lifespan and produces a metabolic pro- 
file desirable for treating diseases of ageing such as type 2 dia- 
betes’. SIRT1, an NAD*-dependent deacetylase, is a principal 
modulator of pathways downstream of calorie restriction that 
produce beneficial effects on glucose homeostasis and insulin 
sensitivity’ °. Resveratrol, a polyphenolic SIRT1 activator, mimics 
the anti-ageing effects of calorie restriction in lower organisms and 
in mice fed a high-fat diet ameliorates insulin resistance, increases 
mitochondrial content, and prolongs survival'® *. Here we describe 
the identification and characterization of small molecule activators 
of SIRT1 that are structurally unrelated to, and 1,000-fold more 
potent than, resveratrol. These compounds bind to the SIRT1 
enzyme-peptide substrate complex at an allosteric site amino- 
terminal to the catalytic domain and lower the Michaelis constant 
for acetylated substrates. In diet-induced obese and genetically 
obese mice, these compounds improve insulin sensitivity, lower 
plasma glucose, and increase mitochondrial capacity. In Zucker 
fa/fa rats, hyperinsulinaemic-euglycaemic clamp studies dem- 
onstrate that SIRT1 activators improve whole-body glucose home- 
ostasis and insulin sensitivity in adipose tissue, skeletal muscle 
and liver. Thus, SIRT1 activation is a promising new therapeutic 
approach for treating diseases of ageing such as type 2 diabetes. 

To identify activators of human SIRT1 a high-throughput in vitro 
fluorescence polarization assay was developed and used to screen a 
large collection of small molecules. The hits identified were struc- 
turally distinct from resveratrol’! and subsequently optimized for 
in vitro enzyme activity using a high-throughput mass spectrometry 
assay. Potency was tracked by determining the concentration of com- 
pound required to increase enzyme activity by 50% (EC,,5) and the 
percentage maximum activation achieved at the highest doses of 
compound tested (resveratrol EC,; = 46.2 tM and maximum 
activation = 201%; SRT1460 EC;.5 = 2.9 uM and maximum activa- 
tion = 447%; SRT2183 EC,,;=0.36 uM and maximum activa- 
tion = 296%; and SRT1720 EC,;=0.16 uM and maximum 
activation = 781%) (Fig. la, b). The variation in maximum activa- 
tion is reminiscent of agonist activity observed with receptors, where 
compounds can vary in their ability to mediate full receptor activa- 
tion as compared to an endogenous ligand’’. These compounds are 
selective for activation of SIRT1 versus the closest sirtuin homolo- 
gues, SIRT2 and SIRT3 (SIRT2: resveratrol, SRT1460 and SRT2183 
EC, 5>300 uM, SRT1720 EC,;;=37 uM; SIRT3: resveratrol, 
SRT1460, SRT1720 and SRT2183 EC; 5 > 300 tM). 


The compounds were tested for functional activity in a SIRT1 cell- 
based (U2OS cells) deacetylation assay (Fig. 1c)'®!’. SRT2183 was 
used as a positive control because it is well tolerated in cellular assays. 
The SIRT1 activators decreased the acetylation state of p53, a known 
SIRT1 substrate. A selective SIRT1 inhibitor, 6-chloro-2,3,4,9-tetra- 
hydro-1-H-carbazole-1-carboxamide"*, abrogated the deacetylation 
activity, indicating that the effect was dependent on SIRT1. 

The Sir2 gene in Saccharomyces cerevisiae and Drosophila melano- 
gaster extends lifespan when overexpressed’””’, and the ability of 
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Figure 1 | Identification of potent SIRT1 activators unrelated to resveratrol. 
a, Chemical structures of SIRT1 activators, resveratrol, SRT1460, SRT2183, 
and SRT1720. b, The effect of activators on human SIRT1 enzyme activity 
measured by mass spectrometry. ¢, Cellular activity was measured using an 
ICW that monitors the degree of p53 deacetylation in U2OS cells using 
B-tubulin as a normalization control. Compounds were tested at 
concentrations of: resveratrol (100 uM), SRT2183 (10 uM), SRT1460 (10 
uM), SRT1720 (0.10 1M). Each concentration represents the approximate 
ECso for each compound. n = 6 for all compounds tested except for 
resveratrol, where n = 3. Data are expressed as mean + s.d. The activation of 
SIRT1 resulting in p53 deacetylation could be blocked by a SIRT1 inhibitor, 
6-chloro-2,3,4,9-tetrahydro-1-H-carbazole-1-carboxamide (10 1M). n = 3 
for all compounds tested. 
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calorie restriction to extend lifespan is abrogated when the gene is 
deleted”’*’. We have observed lifespan extension in yeast with ana- 
logues structurally related to SRT1460 that activate the yeast SIR2 
enzyme (data not shown). 

To address the mechanism of activation of the human SIRT1 
enzyme, we determined the effect of compound on the Vinax (velocity 
of enzyme-catalysed reaction at infinite concentration of substrate) 
and the K,, (Michaelis constant) of SIRT1 for its two substrates, 
NAD* and acetylated peptide. None of the compounds affected 
the K,, for NAD* or the Vinax (data not shown); however, all com- 
pounds decreased the K,, of SIRT1 for acetylated peptide substrate 
(Fig. 2a). The magnitude of the K,,, effect positively correlated with 
the EC, ; values for the compounds. A similar K,,-type activation 
mechanism has been proposed for small molecule activators that 
bind to an allosteric site of glucokinase”’. 

The energetics of binding of SRT1460 to purified SIRT1 enzyme 
were studied by isothermal titration calorimetry. The titration of 
SRT 1460 against purified human SIRT1-C did not result in detect- 
able binding (data not shown). In the presence of acetylated peptide 
substrate SRT 1460 exhibited signs of protein-binding-site saturation 
best fitting a one site binding model (Fig. 2b). The dissociation con- 
stant (Kg) for SRT 1460 was 16.2 uM and the enthalpy (AH) was —6.1 
kcal mol” '. The data suggest that SRT1460, and other related SIRT1 
activators, bind to a SIRT 1—peptide substrate complex and promote a 
more productive conformation that enhances catalytic activity. 
Binding of substrate may induce a conformational change that leads 
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Figure 2 | In vitro characterization of activators of human SIRT1. a, The 
effect of SIRT1 activators on peptide substrate K,,. b, Calorimetric titrations 
of SIRT1-C-—peptide substrate complex with the activator SRT1460. Top 
panel: heat of binding SRT1460 to enzyme—peptide complex. Bottom panel: 
integrated fit with a one-site binding model. c, Isobologram analysis of 
resveratrol versus SRT1720 and SRT1720 versus SRT1460. The experimental 
data are best fit to the theoretical line of additivity (dashed line). d, SIRT1 
N-terminal truncations define the allosteric compound binding site. The 
ability of resveratrol and SRT 1720 to activate SIRT1 was examined against a 
series of N-terminal deletions in the mass spectrometry assay. 
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to the exposure of an allosteric binding site. In support of this 
hypothesis, it has been demonstrated that NAD* does not bind 
in the absence of acetylated peptide substrate to a closely related 
sirtuin, SIRT2 (ref. 24). A K,,-type mechanism is supported by 
isothermal titration calorimetry experiments that show a roughly 
twofold increase in the affinity for peptide substrate binding to 
SIRT1-C in the presence of SRT1460 (Kac-srriaso) = 25.7 WM and 
Kac+srri460) = 14.1 1M; data not shown). 

To determine whether SRT1460 and SRT1720 bind and activate 
the enzyme at the same molecular site as resveratrol, an isobologram 
analysis was performed. A concentration matrix of two compounds, 
resveratrol versus SRT1720 and SRT1720 versus SRT 1460, was exam- 
ined to determine whether the combination was antagonistic, addit- 
ive or synergistic. In both cases the compound combination resulted 
in additivity consistent with the hypothesis that a single allosteric site 
exists on the SIRT 1-substrate complex to which structurally diverse 
compounds can bind (Fig. 2c). 

To define the compound binding site a series of SIRT1 truncation 
mutants was generated (Fig. 2d). SIRT1-A (156-664) and SIRT1-B 
(172-664) retain similar activity and activation to the parent con- 
struct (SIRT1-C), whereas SIRT1-D (219-664) exhibits a marked 
decrease in enzyme activity. SIRT1-D expresses poorly in Escherichia 
coli and may lose activity simply due to misfolding. The SIRT1-E 
(225-664), SIRT1-F (230-664), SIRT1-G (235-664), and SIRT1-H 
(240-664) constructs exhibit enzymatic activity comparable to 
SIRT1-C, but the ability to be activated by SRT1720 and resveratrol 
is significantly decreased. The SIRT1 truncation data suggest that 
amino acids 240-664 comprise the core catalytic domain, and that 
the amino acids 183-225 N-terminal to the core domain are import- 
ant in defining the compound binding site. 

The therapeutic potential of SIRT1 activators to treat insulin resi- 
stance and diabetes was tested in three in vivo models of type 2 
diabetes. SRT1720 exhibited a pharmacokinetic profile (Fig. 3a) suit- 
able for in vivo evaluation in both mouse (bioavailability = 50%, 
terminal t);2=~5 h, Area Under the Curve (AUC) = 7,892 ng 
h |‘ ml’) and rat (bioavailability = 25%, terminal ty). = ~8.4 h, 
AUC = 3,714 ng h! ml '). SRT501, a reformulated version of 
resveratrol with improved bioavailability (11% bioavailability, ter- 
minal t,. of ~ 1 h and an AUC of 10,524 ng h | ml’), was also 
examined in genetically obese mice (Lep””””) and diet-induced obe- 
sity (DIO) mice. SRT501 (500 or 1,000 mg per kg (body weight)) and 
SRT1720 (100 mg per kg (body weight)) were dosed in all efficacy 
studies once daily by oral gavage. During these studies we did not 
measure food intake or metabolic rates so there may be uncertainty 
about how the compound is working. We did measure body weight 
during these studies and this did not change. 

In DIO mice, fasting blood glucose levels are elevated (120-150 mg 
dl~' range) after being placed on a high-fat diet. Administration of 
SRT1720 reduced fed glucose levels after 1 week of treatment with 
further reduction after 3 weeks of treatment (Fig. 3b) that continued 
through 10 weeks of dosing. Glucose excursion during an intraperi- 
toneal glucose tolerance test was also significantly reduced in the 
SRT1720 group, and comparable to rosiglitazone, a PPARy activator 
that has been used to treat type 2 diabetes (Fig. 3c; glucose AUC: 
control, 603 + 32 mg h-! dl-'; SRT1720, 462 + 25 mg hi! dl}; 
rosiglitazone, 496 +20 mg h' dl~'). SRT1720 did not have an 
effect on fasting glucose in chow-fed mice (data not shown), indi- 
cating that pharmacological SIRT1 activation is unlikely to induce 
hypoglycaemia. 

DIO mice are insulin resistant and hyperinsulinaemic (3.9 + 0.7 ng 
dl-') compared to normal chow fed controls (0.4 + 0.1 ng dl-!). 
SRT1720 significantly reduced the hyperinsulinaemia after 4 weeks, 
partially normalizing elevated insulin levels similar to rosiglitazone 
treatment (Fig. 3d). Consistent with the effects on improved glucose 
tolerance and fasting insulin levels, a reduction in glucose levels during 
an insulin tolerance test was greater in SRT1720 or rosiglitazone 
treated animals (Fig. 3e). SRT1720 did not reduce insulin levels in 
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mice fed a normal chow diet that are not insulin resistant (Fig. 3d). The 
effect of SRT1720 on blood glucose and insulin levels is not secondary 
to weight loss as there was no difference in the weight of mice treated 
with SRT1720 compared to vehicle-treated DIO mice (data not 
shown). 

As observed in calorie restriction®*°, SRT1720 treatment (10 
weeks) increases mitochondrial capacity by 15% in gastrocnemius 
muscle as measured by citrate synthase activity (Fig. 3f). In DIO mice 
SRT1720 mimics several of the effects observed after calorie restric- 
tion including improved insulin sensitivity, normalized glucose and 
insulin levels, and elevated mitochondrial capacity. 

To study SRT1720 in a genetic model of type 2 diabetes, Lep 
mice were placed on a high-fat diet to induce a diabetic state and then 
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Figure 3 | SIRT1 activators in mouse models of type 2 diabetes. a, Plasma 
levels of SRT1720 after administration by oral gavage. b, Effect of SRT1720 
treatment over 10 weeks on fed plasma glucose levels in DIO mice. ¢, Glucose 
excursion during an intraperitoneal glucose tolerance test (5 weeks) in DIO 
mice treated with the indicated compounds. d, Plasma insulin levels after 10 
weeks treatment with indicated compounds. e, Glucose response in DIO 
mice during an insulin tolerance test after 10 weeks treatment with the 
indicated compounds. f, Skeletal muscle citrate synthase activity (Vinax mg : 
protein, 11 weeks, n = 5). g, Effect of SRT1720 treatment in diabetic Lep® uae 
mice (1 week). h, Effect of SRT501 treatment (1,000 mg per kg (body 
weight)) in diabetic Lep°””” mice after 2 weeks. i, Effect of SRT501 treatment 
(500 mg per kg (body weight), 4 weeks) in DIO mice. All studies consisted of 
ten mice per group unless noted. Statistics were conducted as an ANOVA; 
asterisk P < 0.05, double asterisk P < 0.01 and triple asterisk P < 0.001. Data 
are expressed as mean + s.e.m. 
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dosed with SRT1720. SRT1720 treatment significantly reduced 
fasting blood glucose to near normal levels (Fig. 3g) after 1 week. 
SRT501, a much less potent SIRT1 activator, also lowered fasting 
blood glucose in Lep’’””’ mice after 3 weeks (1,000 mg per kg (body 
weight)) and in DIO mice after 4 weeks (500 mg per kg (body- 
weight)) of oral dosing (Fig. 3h, i). SRT501 also reduces hyperinsu- 
linaemia in DIO mice measured as fed insulin levels (data not 
shown). As observed with SRT1720, no difference in body weight 
was evident after treatment with SRT501 in Lep®””” mice. 

We also performed in vivo studies in the Zucker fa/fa rat, which 
is a genetically obese rodent model for studying insulin resistance. 
Rats were treated with vehicle or SRT1720 for 4 weeks. Body weight 
was not different between the two groups throughout the study. 
After 3 weeks treatment, fed blood glucose was significantly lower 
in fa/fa rats (Fig. 4a) treated with SRT1720 compared to vehicle- 
treated (140 +5 versus 110 +3 mg dl~', vehicle versus SRT1720, 
P<0.001). In support of improved glucose metabolism after 
SIRT1 activation, both the glucose (AUC: 4,550 + 463 versus 
2,490 + 236 mg min 'dl~', vehicle versus SRT1720, P< 0.01) and 
insulin (AUC: 277 + 32 vs. 127 + 25 ngmin™'dl~', vehicle versus 
SRT1720, P< 0.01) responses during an oral glucose tolerance test 
were significantly improved in the SRT1720-treated group (Fig. 4b, 
c). The decrease in glucose in the face of reduced hyperinsulinaemia 
indicates improved insulin sensitivity. To assess more definitively 
insulin action after SRT1720 treatment, hyperinsulinaemic- 
euglycaemic clamps were performed on fa/fa rats after 4 weeks of 
treatment. Consistent with improved glucose tolerance, the glucose 
infusion rate required to maintain euglycaemia was ~35% higher in 
SRT1720-treated fa/fa rats (Fig. 4d, P< 0.01), and the total glucose 
disposal rate was increased by ~20% (Fig. 4e, P< 0.05). The insulin- 
stimulated glucose disposal rate, which primarily represents glucose 
disposal into skeletal muscle, was 55% higher in the SRT1720-treated 
group (Fig. 4f, P< 0.05). Along with the increased glucose disposal 
rate and glucose infusion rate, liver insulin sensitivity was signifi- 
cantly enhanced in the SRT1720 group, as evidenced by a greater 
suppression of hepatic glucose production during the clamp 
(Fig. 4g, P<0.05). Adipose tissue insulin sensitivity was also 
improved after SIRT1 activation (Fig. 4h), as indicated by lower 
(~40%) plasma free fatty acid concentration during the clamp in 
the SRT1720-treated group (0.48 + 0.03 versus 0.82 + 0.10 mmol 
1-', SRT1720 versus vehicle, P< 0.05). 

Recent studies have suggested that SIRT] might be important 
in regulating hepatic gluconeogenesis, through deacetylation and 
activation of PGC-107°’. However, transgenic mice that overexpress 
SIRT1 exhibit improved insulin sensitivity and are not hyperglycae- 
mic’. To investigate if SRT1720 treatment alters hepatic gluconeo- 
genesis, fa/fa rats were subjected to a pyruvate tolerance test (PTT) 
after 3 weeks of treatment. The glucose response during the PTT was 
markedly blunted in SRT1720-treated fa/fa rats relative to vehicle 
(Fig. 4i), demonstrating decreased hepatic gluconeogenesis. These 
results show that the overall in vivo effect of SIRT1 activation is to 
ameliorate the heightened gluconeogenic capacity of Zucker fa/fa rats 
and not to stimulate hepatic glucose production. In addition, because 
Zucker fa/fa rats exhibit hepatic insulin resistance, the decreased 
gluconeogenesis after SRT1720 treatment is further evidence of 
improved hepatic insulin sensitivity. 

To address the therapeutic potential of SIRT1 activation for the 
improvement of age-related diseases, we have identified and charac- 
terized novel small molecule activators of SIRT1 both in vitro and 
in vivo. These compounds are 1,000-fold more potent activators 
than, and structurally unrelated to, resveratrol. Similar to resveratrol, 
these compounds bind directly to the SIRT 1-acetylated peptide com- 
plex at the same site and lower the K,,, for peptide substrate resulting 
in a more productive catalytic complex. SIRT 1 deletion experiments 
indicate that amino acids 183-225 are critical for maintaining activa- 
tion of SIRT1 by these compounds and define the allosteric binding 
site. It is possible that acetylated peptide binding to SIRT1 induces a 
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Figure 4 | SIRT1 activator SRT1720 in the Zucker fa/fa rat model. a, Post- 
absorptive blood glucose (3 weeks). b, c, Glucose and insulin responses 
during an oral glucose tolerance test (3.5 weeks, ANOVA). After 4 weeks a 
hyperinsulinaemic-euglycaemic clamp study was conducted. (d-f) Glucose 
infusion rate (GIR), glucose disposal rate (GDR) and insulin-stimulated 
glucose disposal rate (IS-GDR) were significantly enhanced. g, Hepatic 
glucose output (HGO) suppression (%). h, Plasma fatty acid concentration 


conformational change that exposes an allosteric site in this region of 
the enzyme. An endogenous regulator of SIRT1 has yet to be iden- 
tified, and it is tempting to speculate that an endogenous activator of 
SIRT1 exists and may be increased after calorie restriction and other 
mild physiological stresses. Selective SIRT1 activators ablate insulin 
resistance and diabetes in DIO mice fed a high-fat diet and in diabetic 
Lep”””” mice. In addition, these new SIRT1 activators ameliorate 
the metabolic disturbances in Zucker fa/fa rats. SIRT1 activators 
improve glucose homeostasis and insulin sensitivity in key metabolic 
tissues including liver, muscle and fat. These compounds seem to 
mimic the beneficial effects of calorie restriction on mitochondrial 
and metabolic function in mammals in vivo and hold promise for 
treating diseases of ageing such as type 2 diabetes. 


METHODS SUMMARY 

The full details of the materials and methods are presented in the Supplementary 
Information. The compounds, SRT1460, SRT1720, and SRT2183, were synthe- 
sized at Sirtris Pharmaceuticals. SIRT1 constructs were expressed in E. coli and 
purified by affinity, size exclusion, and/or ion exchange chromatography. The 
SIRT1 fluorescence polarization assay used a peptide based on p53 linked to 
biotin at the N-terminal end and to a fluorescent tag at the C-terminal end. The 
reaction was a coupled enzyme assay where the first reaction was the deacetyl- 
ation reaction and the second was cleavage by trypsin at the exposed lysine. The 
mass spectrometry assay was used for all SAR studies and employs the same 
peptide as the HTS assay. For the in cell western assay (ICW) the acetylation 
state of p53 was determined using a polyclonal antibody against the acetylated 
lysine residue at position 382 in p53. The effect of test compounds on the K,, of 
SIRT1 for peptide substrate was examined using the mass spectrometry assay. 
Isothermal titration calorimetry was performed using a VP-ITC (MicroCal, 
Inc.). For the isobologram analysis a concentration matrix of two compounds 
was created and tested against SIRT1 using the mass spectrometry assay. For 
pharmacokinetic studies compounds were administered by oral gavage or 
intravenously to C57BL/6 male mice at the doses indicated. For all in vivo 
efficacy studies vehicle or test compound was administered once daily by oral 
gavage. For the DIO studies, C57BL/6 male mice were fed a high-fat diet until 
their mean body weight reached approximately 40 g. Lep””’” mice and hetero- 
zygous Lep’* mice were placed on a high-fat diet for a minimum of 1 week 
before the start of a study and remained on the high-fat diet for the duration of 
the study. Male fatty (fa/fa) Zucker (ZF) rats (Harlan Sprague-Dawley, Inc.) 
were used for the studies. 


during the clamp was significantly lower in SRT1720-treated animals 
(ANOVA). B, basal conditions. C, clamp conditions. i, Glucose excursion 
during a PTT was reduced, indicating reduced gluconeogenic capacity. All 
studies consisted of n= 5 rats per group. Statistics were conducted as 
student t-test unless noted otherwise; asterisk P < 0.05, double asterisk 
P<0.01, and triple asterisk P < 0.001. Data are expressed as mean + s.e.m. 
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Interpretation of the sonic hedgehog morphogen 
gradient by a temporal adaptation mechanism 


Eric Dessaud’, Lin Lin Yang’t, Katy Hill’, Barny Cox’, Fausto Ulloa’, Ana Ribeiro’, Anita Mynett', 


Bennett G. Novitch’+ & James Briscoe! 


Morphogens act in developing tissues to control the spatial 
arrangement of cellular differentiation’’. The activity of a mor- 
phogen has generally been viewed as a concentration-dependent 
response to a diffusible signal, but the duration of morphogen 
signalling can also affect cellular responses’. One such example 
is the morphogen sonic hedgehog (SHH). In the vertebrate central 
nervous system and limbs, the pattern of cellular differentiation is 
controlled by both the amount and the time of SHH exposure*’. 
How these two parameters are interpreted at a cellular level has 
been unclear. Here we provide evidence that changing the concen- 
tration or duration of SHH has an equivalent effect on intracellu- 
lar signalling. Chick neural cells convert different concentrations 
of SHH into time-limited periods of signal transduction, such that 
signal duration is proportional to SHH concentration. This 
depends on the gradual desensitization of cells to ongoing SHH 
exposure, mediated by the SHH-dependent upregulation of 
patched 1 (PTC1), a ligand-binding inhibitor of SHH signalling®. 
Thus, in addition to its role in shaping the SHH gradient*°, PTC1 
participates cell autonomously in gradient sensing. Together, the 
data reveal a novel strategy for morphogen interpretation, in 
which the temporal adaptation of cells to a morphogen integrates 
the concentration and duration of a signal to control differential 
gene expression. 

How both concentration and duration of morphogen signalling 
determine cell pattern is poorly understood' (see Supplementary Fig. 
la). We focused on three transcription factors that respond to dif- 
ferential SHH signalling in progenitors of the neural tube. OLIG2 and 
NKX2.2, expressed in the ventral neural tube of chick (Fig. la), 
depend on SHH signalling for their expression*’”’’. In contrast, 
PAX7 expression is repressed by SHH signalling’’ and is restricted 
to dorsal neural tube progenitors (Fig. 1a). We confirmed that these 
proteins respond to different levels of SHH signalling using an ex vivo 
assay of intermediate region naive neural plate explants" (Fig. 1b—d). 
In agreement with previous studies'*’*, changes in SHH concentra- 
tion controlled the expression of these genes in a manner corres- 
ponding to their in vivo expression patterns (Fig. le). Similar gene 
expression responses were obtained by generating, in vivo, a gradient 
of GLI transcriptional activity’®'’, the transcriptional effectors of 
SHH signalling. Furthermore, manipulation of the activity of the 
transmembrane protein smoothened (SMO), which transduces 
SHH signalling intracellularly’’, was also sufficient to confer graded 
responses to neural cells (Supplementary Fig. 2). 

We asked how the response of cells to SHH develops over time. 
We assayed intermediate region neural plate explants exposed to 
SHH for 6h to 24h (Fig. 1f g and Supplementary Table 1). 
NKX2.2 induction was delayed compared to OLIG2, taking >12h 


compared to ~6h for OLIG2. Moreover, NKX2.2-inducing concen- 
trations of SHH (=2 nM) produced a transient expression of OLIG2 
(Fig. 1f, g). Thus, during the first 12 h, =1 nM SHH generated similar 
amounts of OLIG2 induction (Supplementary Table 1). Only after 
12h were distinct responses apparent. By 18h, OLIG2 and NKX2.2 
co-expression was evident in some progenitors treated with =2 nM 
SHH (Fig. 1f). These results are consistent with the sequential onset of 
OLIG2 and NKX2.2 expression in vivo'®’’. Furthermore, the explant 
data predict that, in vivo, NKX2.2 should be induced in cells that 
previously expressed OLIG2. Genetic lineage tracing in mice harbour- 
ing an Olig2 allele engineered to encode Cre recombinase confirmed 
this (Fig. lh). Thus, compared to OLIG2, induction of NKX2.2 
requires a higher concentration and longer duration of SHH exposure. 

To investigate the reason for the temporal and concentration 
dependence of the response, we analysed the output of the SHH signal 
transduction pathway. We assayed GLI activity using a reporter plas- 
mid’ (GBS-Luc; see Fig. 2a and Methods). Taking advantage of the 
short half-life of luciferase” (~3h), we measured GBS-Luc activity 
every 6h. For concentrations of SHH =1 nM, GLI activity was similar 
during the first 12 h (Fig. 2a), the period when these concentrations 
induce OLIG2. Then, with the exception of the highest SHH concen- 
tration, GLI activity decreased over time, with a rate inversely propor- 
tional to SHH concentration (Fig. 2a). Notably, the time at which 
1nM and 4nM SHH produced differences in the level of GLI activity 
corresponded to the detection of differences in gene expression 
(Fig. 1f, g and Supplementary Table 1). The data indicate, therefore, 
that cells become progressively desensitized to ongoing SHH signal- 
ling (Supplementary Fig. 1). Initially 1nM and 4nM SHH produce 
similar levels of GLI activity, then the level of GLI activity begins to fall, 
with a higher rate of decrease in cells exposed to lower concentrations. 
This suggests a mechanism for gradient sensing in which ‘temporal 
adaptation’ to the ligand transforms the extracellular concentration of 
morphogen into a time-limited period of signal transduction, such 
that the duration of signalling is proportional to ligand concentration. 

This model predicts that the response of cells relies not only on the 
level but also on the duration of intracellular signal transduction. To 
test this, we compared GLI activity and gene expression in neural cells 
containing an endogenous source of SHH. In explants consisting of 
SHH-producing notochord and floor plate together with ventral 
regions of the neural tube (hereafter called NVF explants), the expres- 
sion of OLIG2 and NKX2.2 was induced sequentially, 12h and 18h 
after the start of culture, respectively (Fig. 2f-h). During this period 
the level of GLI activity remained approximately constant, confirming 
that the switch to NKX2.2 expression was not associated with an 
increase in GLI activity (Fig. 2b, {-h). To examine whether the main- 
tenance of an OLIG2-expressing state depends on the downregulation 
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of GLI activity, NVF explants were cultured for 12h and then trans- 
ferred to media containing cyclopamine, a small-molecule antagonist 
of SHH signalling (Supplementary Fig. 2). GLI activity and gene 
expression were monitored at 18h (Fig. 2c-e, i). Addition of 
200nM cyclopamine at 12h resulted in a twofold decrease in GLI 
activity and a failure to induce NKX2.2 expression (Fig. 2c, e, i) with- 
out inhibiting OLIG2 expression. Furthermore, addition of 400 nM 
cyclopamine inhibited GLI activity to background levels, leading to a 
complete loss of NKX2.2 expression and a decrease in the number of 
OLIG2-expressing cells (Fig. 2c, e, and data not shown). These data 
indicate that the duration of GLI activity is crucial for determining the 
cellular response to SHH. To test the converse prediction of the model, 
we assayed the effect of extending the period of SHH signalling 
(Fig. 2j). Consistent with the model, prolonging SHH signalling 
resulted in peak OLIG2 and NKX2.2 induction at lower SHH con- 
centrations after 48 h of exposure compared to 24h and 36h (Fig. 2). 

Two mechanisms that could account for the adaptation of cells 
to SHH signalling are the loss of a factor necessary for signal transduc- 
tion or the induction of inhibitors of signal transduction, such as the 
SHH-binding protein PTC] (refs 21-23). We assessed GLI activity in a 
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time series of intermediate region neural plate explants in which SHH 
signalling was induced using purmorphamine, a small-molecule ago- 
nist of SMO” (Fig. 3a and Supplementary Fig. 2). In contrast to the 
response of neural cells to SHH (Fig. 2a), even though a diminution in 
GLI activity was observed in treated cells, there was no correlation 
between the rate of decrease and the concentration of purmorphamine 
(Fig. 3a). This suggests that the profile of GLI activity evoked by SHH is 
shaped mainly by an adaptation mechanism acting upstream of SMO. 

As PTC] is a well-established inhibitor of SHH signalling’, we tested 
whether it is required cell autonomously for the temporal adaptation of 
cells to SHH. Small interfering RNAs (siRNAs) were used to block 
chick PTC1 (cPTC1) induction (Fig. 3b and Supplementary Figs 
3-6). In ovo transfection of cPTC1 siRNAs inhibited the upregulation 
of cPTC1 but did not completely abolish its expression (Supplementary 
Fig. 4, and data not shown). As a result, and consistent with observa- 
tions in mouse embryos containing an un-inducible allele of Ptc1'°, 
ventralization of the neural tube, but no ligand-independent SHH 
signalling, was observed in siRNA-transfected embryos or in inter- 
mediate region neural plate explants (Supplementary Figs 3 and 5). 
We therefore assayed whether blocking cPTC1 upregulation altered 
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Figure 1| The temporal and concentration dependence of the response of 
neural cells to SHH. a, PAX7, OLIG2 and NKX2.2 expression in HH stage 19 
chick neural tube (scale bar, 50 tum). b—d, Intermediate region neural plate 
explants cultured for 24h in the indicated concentrations of SHH and 
assayed simultaneously for the expression of PAX7, OLIG2 and NKX2.2. 
OLIG2 expression decreases as NKX2.2 is induced, consistent with the 
ability of NKX2.2 to repress OLIG2". e, Quantification of cells expressing 
PAX7, OLIG2 and NKX2.2 in intermediate region neural plate explants 
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(n= 5; number of cells per unit + s.d.). f, PAX7, OLIG2 and NKX2.2 
expression in intermediate region neural plate explants grown with 4nM 
SHH for 6h, 12h, 18h or 24h (scale bar, 100 um). g, Quantification of cells 
expressing OLIG2 and NKX2.2 in intermediate region neural plate explants 
(n= 5; number of cells per unit + s.d.). h, As well as OLIG2* progenitors, 
NKX2.2* progenitors express LacZ in Olig2“” *;ROSA26-flox-STOP-flox- 
lacZ E10.5 mouse embryos. 
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Figure 2 | Sustained GLI activity is required for discrimination between 
OLIG2 and NKX2.2 gene induction. a, GLI activity (relative GLI activity 

+ s.e.m.) measured with GBS-Luc in intermediate region neural plate 
explants treated with the indicated concentrations of SHH for the designated 
times. GLI activity is measured relative to untreated explants. b, GLI activity 
(relative GLI activity + s.e.m.) assayed in cells exposed to an endogenous 
source of SHH. GBS-Luc assays were performed using NVF explants 

(d) compared to intermediate region neural plate explants, which lack SHH 
expression. ¢, Graph of relative GLI activity + s.e.m. according to conditions 
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Figure 3 | A cell autonomous function for PTC1-mediated desensitization is 
required for gradient sensing. a, Temporal profile of GLI activity, measured 
with GBS-Luc, in intermediate region neural plate explants treated with the 
indicated concentrations of purmorphamine for the designated times 
(relative GLI activity +s.e.m.). b, Blocking cPTC1 upregulation disrupts the 
interpretation of high concentrations of SHH. Control or cPTC1 siRNA 
electroporated intermediate region neural plate explants where cultured 
with the indicated concentrations of SHH for 24h and assayed for NKX2.2 
and OLIG2 (scale bar, 25 um; m = 10 for control siRNA; n = 12 for cPTC1 
siRNAs). ¢, A model for the morphogen patterning of a tissue divided into 


in d (P-values from student’s t-test). Cyc., cyclopamine. Decreasing the 
duration of GLI activity in NVF explants alters gene expression 

(e, i). e, Quantification of OLIG2* and NKX2.2" cells relative to control 
condition (18h culture; + s.d.) in NVF explants. f-h, Temporal profile of 
NKX2.2 and OLIG2 expression in NVF explants. j, Numbers of cells 
expressing OLIG2 (red) and NKX2.2 (green) in intermediate region neural 
plate explants (n = 5; number of cells per unit + s.d.) exposed to the 
indicated concentrations of SHH for 36h (dashed lines) and 48h (solid 
lines). 
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three domains characterized by differential gene expression (A, B and C). 
Graded morphogen signalling (M) from the source (S) is transduced into an 
episode of signal transduction (signal output). Initially, each M 
concentration ([M]) generates similar levels of signal output. However, 
signal output declines more rapidly in cells exposed to lower [M]. Similar 
profiles of signal output can be generated by a sustained [M] or by transient 
exposure to M (variable [M]). This model illustrates how two different 
parameters of a graded morphogen—amount of ligand and duration of 
exposure—are transformed to an equivalent output by a responding cell. 
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the response of cells to SHH exposure. Explants were transfected with 
control or cPTCI1 siRNAs and exposed to 0.25-1nM SHH. Trans- 
fection of control siRNAs did not change the gene expression profile 
induced by SHH (Fig. 3b). However, in contrast to control explants 
exposed to 1 nM SHH that predominately expressed OLIG2, increased 
numbers of NKX2.2-expressing cells were observed in 1nM SHH- 
treated intermediate region neural plate explants transfected with 
cPTC1 siRNAs. A similar result was obtained when siRNAs were trans- 
fected individually (Supplementary Fig. 6). The siRNA effect was 
dependent on SHH concentration: cPTC1 siRNAs did not alter the 
response of intermediate region neural plate explants exposed to 
<0.5nM SHH, indicating that the blockade of cPTC1 upregulation 
does not result in NKX2.2 induction in response to all concentrations of 
SHH. These data indicate that gradient sensing requires upregulation of 
PTC1. This complements the previously identified ability of PTC1 to 
influence the spread of ligand by sequestering SHH protein*°. Thus, 
upregulation of PTC1 by SHH has both cell autonomous and non- 
autonomous functions in morphogen interpretation. 

Adaptation to extracellular signals has previously been proposed 
to permit the sensing and transduction of a signal over large concen- 
tration ranges*>’®. This study indicates that the same strategy is used 
to measure the concentration of a ligand during developmental pat- 
terning. The progressive adaptation of cells to SHH transforms ligand 
exposure into periods of increased GLI activity, the duration of which 
is proportional to SHH concentration (Fig. 3c). This allows cells to 
integrate both the concentration and duration of a graded morpho- 
gen (Supplementary Fig. 1). The transduction of a morphogen 
concentration into a duration of transcriptional activity offers an 
alternative to the established mechanisms of graded signalling’, 
which explains how the amount and duration of SHH exposure 
determine similar cellular responses*°”’. 


METHODS SUMMARY 

Neural plate explants, immunohistochemistry and in situ hybridization. 
Explants isolated from Hamburger and Hamilton (HH) stage 10 chick embryos 
were cultured as described’**. Cyclopamine (Toronto Research Chemicals) and 
purmorphamine (Calbiochem) were dissolved in 100% ethanol and DMSO, 
respectively. Reagents and protocols for immunohistochemistry and in situ 
hybridization have been described'*""*”’. 

Chick in ovo electroporation, luciferase assays and siRNAs. HH stage 10 
embryos were electroporated in ovo and incubated for 2h before dissecting 
explants. Luciferase assays with GBS-Luc'’ were carried out as previously 
described'’. RNA duplexes targeting chick PTC] and, as a control, human lamin 
were from Dharmacon. These were co-electroporated in ovo with a plasmid 
expressing green fluorescent protein. 

Olig2-Cre lineage tracing. Olig2-Cre mice were generated in the Jessell labor- 
atory, Columbia University. Standard homologous recombination procedures 
were used to replace exon 2 of the Olig2 locus with Cre recombinase. Olig2-Cre/ 
+ mice were mated with ROSA26 reporter mice”, and embryos analysed at E10.5. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Neural plate explant culture. Neural plate tissue was isolated from Hamburger 
and Hamilton (HH) stage 10 chick embryos and cultured as described". Explants 
consisted of the intermediate region or the notochord, floor plate and adjacent 
ventral region (NVF). SHH protein was generated as described’’. Concentration 
of SHH was determined by comparison with previous batches. Cyclopamine 
(Toronto Research Chemicals) and purmorphamine (Calbiochem) were dis- 
solved in 100% ethanol and DMSO, respectively. Quantifications of PAX7, 
OLIG2 and NKX2.2 expressing cells were performed on representative unit 
squares (containing 200 + 20 cells) in intermediate region neural plate explants 
(n= 5 explants for each data point). 

Immunohistochemistry and in situ hybridization. Antibody reagents and pro- 
tocols have been described’*"*”’. The monoclonal antibodies against PAX6 and 
PAX7 were obtained from the Developmental Studies Hybridoma Bank 
(University of Iowa). Rabbit Nkx2.2 antibody’! (T. Jessell) was used at 1:5,000 
and guinea-pig Olig2 antibody’* was used at 1:10,000. Mouse antibody for Tujl 
(Covance Research) and goat antibody for Sox2 (ISL) were used at 1:1,000 and 
1:500, respectively. Sheep antibody for GFP (Biogenesis) and rabbit antibody for 
GFP (Invitrogen) were used at 1:1,000. Analysis was carried out using a Leica 
TCS SP2 confocal microscope or a Zeiss Axioplan 2 and processed with Adobe 
Photoshop 7.0 software (Adobe Systems). In situ hybridization was performed as 
described** using a chick PTC1 probe” labelled with DIG-labelling reagents 
(Roche Diagnostics) and filtered NBT/BCIP substrate (Sigma) in 0.5% Tween 
(Sigma). 

Generation of cPTC1 siRNAs. RNA duplexes targeting cPTC] mRNA were 
ordered in 2’ deprotected, annealed and desalted form (Option A4, http:// 
www.dharmacon.com). The RNA duplexes used in this study are: cPTC1 
siRNA 1 sense 5’-UGAGAGCUAUCUGCAAUAAUU-3’; cPTC] siRNA 2 sense 
5'-AUAUGGACCAGAUUAUAGAUU-3’; cPTC1 siRNA 3 sense 5'-CUAAUG- 
UACUCACAACAGAUU-3". siRNA (target sequence 5’-AACUGGACUUCC- 
AGAAGAACA-3’) against human lamin was used as control (Dharmacon). 
Chick in ovo electroporation and luciferase assay in intermediate region 
explants. HH stage 10 embryos were electroporated and incubated for 2 h before 
dissecting intermediate region neural plate explants. For luciferase assays, the 
firefly-luciferase reporter gene carrying eight copies of the GLI-binding site from 
the FoxA2 floor plate enhancer (GBS-Luc) was used’. Chick embryos were co- 
electroporated with GBS-Luc and CMV-Renilla luciferase normalization plas- 
mid (Promega). Assays were carried out on explants as previously described’’. 
Explants were homogenized in passive lysis buffer on ice and measurement of 
firefly and Renilla luciferase activities was performed using the Dual Luciferase 
Reporter Assay System (Promega). Each point corresponds to triplicates of 7-10 
explants. Short interfering RNAs were electroporated at 2.5 ug pl! final con- 
centration. The neural tube of embryos was co-injected with a plasmid expres- 
sing GFP to control for electroporation efficiency. 

Olig2-Cre lineage tracing. Standard homologous recombination procedures 
were used to replace exon 2 of the Olig2 locus with a gene encoding a nuclear- 
localized form of Cre recombinase. Details of the gene-targeting strategy are 
available on request. Olig2-Cre/+ mice were mated with ROSA26 reporter 
mice*, and embryos were collected at E10.5 and subjected to immuno- 
histochemical analysis as described above. 
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p53 regulates maternal reproduction through LIF 


Wenwei Hu'*, Zhaohui Feng’*, Angelika K. Teresky' & Arnold J. Levine’? 


Extensive studies have shown that p53 is important in tumour 
prevention’. However, little is known about its normal physio- 
logical function. Here we show that p53 is important in reproduc- 
tion, in a gender-specific manner. Significant decreases in 
embryonic implantation, pregnancy rate and litter size were 
observed in matings with p53”'~ female mice but not with 
p53 ‘~ male mice. The gene encoding leukaemia inhibitory factor 
(LIF), a cytokine critical for implantation’, was identified as a p53- 
regulated gene that functions as the downstream mediator of this 
effect. p53 can regulate both basal and inducible transcription of 
LIF. Loss of p53 decreased both the level and function of LIF in 
uteri. Lower LIF levels were observed in the uteri of p53~/~ mice 
than in those of p53*’* mice, particularly at day 4 of pregnancy, 
when transiently induced high levels of LIF were crucial for 
embryonic implantation. This observation probably accounts for 
the impaired implantation of embryos in p53~'~ female mice. 
Administration of LIF to pregnant p53 /~ mice restored maternal 
reproduction by improving implantation. These results dem- 
onstrate a function for p53 in maternal reproduction through 
the regulation of LIF. Evidence is accumulating that p53 may have 
a similar function in humans. 

p53, the guardian of the genome, regulates the cellular response to 
various stresses'. Most studies have concentrated on p53 as a tumour 
suppressor gene, and very little is known about its function in normal 
cellular processes. Two observations suggest that p53 could have a 
function in reproduction. First, some alleles of p53 and its negative 
regulator, MDM2, are under positive evolutionary selection**. 
Second, we observed that crosses of p53*!*, p53*'~ and p53 ‘~ mice 
indicated an unusual pattern of maternal effects on pregnancy rate 
and litter size. In this study, mice of two inbred strains (C57BL/6] and 
129SV") with different p53 statuses were bred, and p53 was found 
to be involved in reproduction in a gender-specific manner. In 
C57BL/6J mice, pregnancy rate and litter size for p53 '~ female mice 
in breeding pairs with p53'/*, p53"/~ or p53 ‘~ males were mark- 
edly lower, whereas they were unaffected when p53 ‘~ male mice 
were mated with p53°/* female mice. The decrease was very signifi- 
cant compared with wild-type breeding pairs and was most severe 
when p53‘ females were mated with p53 ‘~ males, with the 
embryo genotype of p53 /~ (Table 1). A similar, although less severe, 
phenotype was observed with the 129SV" strain (Table 1), indicating 
the impact of genetic background. To minimize the effect of genetic 
background, crosses were performed by mating p53 ‘~ mice from 
the two different genetic backgrounds (C57BL/6J male and 129SV" 
female mice). A clear reduction in pregnancy rate and litter size was 
observed (Table 1), indicating that the defect in reproduction was 
due to the loss of p53, which could not be compensated for by cross- 
breeding two different p53 ‘~ inbred strains. Furthermore, the 
extent of decrease was very close to that in the 129SV™ strain (the 
female breeder) indicating that the severity of the phenotype 
depended on the genetic background of female mice. These data 


clearly demonstrate that p53 deficiency in female mice and fetuses 
results in reduced maternal reproduction, and strongly suggest a 
crucial function for p53 in maternal reproduction. 

As a transcription factor, p53 mainly functions through the tran- 
scriptional regulation of its target genes by binding to degenerate 
DNA-responsive elements (Fig. la)°. To explore whether p53 
regulates maternal reproduction through transcriptional regulation 
of its target genes, p53 algorithms® were employed to search for 
potential target genes for p53 involved in maternal reproduction. 
The gene encoding leukaemia inhibitory factor (LIF), a secreted 
cytokine that is critical for blastocyst implantation”’, was identified 
as a potential p53 target gene with a putative p53-binding element in 
intron 1 of both mouse and human LIF genes (Fig. 1a). Chromatin 
immunoprecipitation (ChIP) assays were performed in tet-off 
p53-inducible human H1299-WTp53 cells, and in mouse Val5 
fibroblasts containing a temperature-sensitive mutant p53 plasmid. 
Immunoprecipitation of the chromatin fragments corresponding to 
the binding elements in both human and mouse LIF genes with 
anti-p53 antibody was observed only when the functional p53 pro- 
tein was expressed (Fig. 1b). Similar results were obtained in murine 
embryonic fibroblast (MEF) cells with or without wild-type p53 
(Supplementary Fig. 1). These data demonstrate an interaction of 
p53 with these putative p53-binding elements in vivo. Further, 
pGL2 luciferase reporter plasmids containing these binding elements 
exhibited a p53-dependent transcriptional activity in p53-null 
human H1299 cells (Fig. 1c), Saos2 and HCT116 p53 /- cells (data 
not shown). 


Table 1| Reproductive data from C57BL/6J and 129SV" mice with differ- 
ent p53 genotypes 


Strain Genotype of p53 Litter size Pregnancy Number of 
Male Female Male Female rate (%) breeding 
pairs 
C57BL/6J C57BL/6J ff Jf 6.71 + 0.43 100 14 
7 if 6.41 + 0.61 100 11 
/ / 479+0.61 79 19 
=/(= f= 4,93+0.21 89 89 
/ / 218+ 0.83" 367 11 
f= = f= 14220.55* 337 12 
= = =f] 0.69+0.16* 27+ 69 
129Sv"'—129Sv"! / / 5.414035 95 22 
if f 5.58 + 0.61 100 6 
f of 5.21 + 0.64 100 8 
= f= f= 4.8+0.18 84 32 
== == 2.35+0.24t 588 90 
C57BL/63J 129Sv"l + ff 5.64 + 0.58 100 11 
= {= =f= 2.62+0.84 63 8 


Eight-week-old mice with different p53 genotypes were set up for mating as indicated and were 
housed together for at least 6 weeks. Pregnancy rate was calculated as the ratio of the number of 
females with confirmed pregnancy to the number of females who served as breeders. Where 
shown, errors are s.e.m. 

*P<0.001 versus wild type, t-test. 

+P<0.001 versus wild type, 7 test. 

~P<0.01 versus wild type, t-test. 

§ P<0.01 versus wild type, 7? test. 
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Regulation of LIF expression by p53 was explored in Val5 and 
Vm10 cells, both containing a temperature-sensitive mutant p53 
plasmid. Activation of p53 at 32 °C increased LIF levels significantly 
in both cells (up to sevenfold at the messenger RNA level and 14-fold 
at the protein level) and culture supernatant (up to 16-fold at the 
protein level) (Fig. 1d). This induction was p53 dependent; there was 
no increase in 10(1) cells, their p53-null parental cells. This p53- 
dependent induction was also observed in human H1299-WTp53 
cells (data not shown). Irradiation with y-rays resulted in a large 
induction of Lif transcription in spleen (more than 70-fold) and 
thymus (more than 12-fold), two radiosensitive tissues, in wild-type 
mice but not in p53 /~ mice (Fig. le). A clear p53-dependent induc- 
tion of Lif was also observed in uterine tissues under conditions of 
both whole-body y-irradiation and in vitro irradiation of cultured 
uterine tissues (Fig. le). This induction showed tissue specificity; it 
was also observed in liver, skin and small intestine but not in kidney, 
heart or muscle tissues (data not shown). For the sake of comparison, 
the induction of a panel of known p53-target genes by y-irradiation 
in different tissues is listed in Supplementary Fig. 2. Furthermore, 
endogenous p53, under no apparent stress conditions, had a signifi- 
cant impact on the basal transcription levels of Lif: In two pairs of 
isogenic cell lines (MEF p53°/* and p53-'~, and HCT116 p53*!* 
and p53 /_ ), the basal Lif mRNA levels were significantly (twofold to 
threefold) higher in p53"/~ cells than in p53 ‘~ cells (Fig. 1f). These 
data show that LIF is a previously unidentified target of p53, which 
regulates both basal and inducible transcription of LIF. 

LIF has a crucial function in blastocyst implantation®’®*. 
Transiently increased uterine LIF expression coincides with onset 
of implantation’. Similarly to our observation in p53 ‘~ mice, 
Lif ‘~ mice have a defect in maternal reproduction as a result of 
the failure of blastocyst implantation’. To investigate the impact of 
loss of p53 on LIF levels and function during pregnancy, uterine Lif 
expression levels were measured in pregnant mice with different p53 
statuses. Simultaneously with increased oestrogen levels, the Lif 
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expression levels increased significantly (fivefold to eightfold) in 
the p53'/" uterus at day 4 (Fig. 2a), the exact onset time for 
implantation, although no significant increase in the p53 levels 
(activation) was observed (Supplementary Fig. 3). This transient 
induction of Lif showed tissue specificity; it was not observed in 
spleen or thymus, where the highest induction by p53 activation 
after y-irradiation was observed. The uterine Lif expression levels 
were significantly lower in p53‘ mice than in p53*/* mice, both 
non-pregnant (day 0) and at day 4 of pregnancy (Fig. 2b). Lifis an 
oestrogen-responsive gene’ and it has been suggested that oestrogen 
is involved in the induction of Lif expression at day 4 of pregnancy’. 
The impact of the p53 status on LIF regulation by oestrogen was 
examined in a pair of isogenic oestrogen-responsive cell lines: 
MCE7 (p53*'*) and MCE7-p53siRNA (stably expressing a p53 short 
interfering RNA (siRNA)). The basal transcription levels of LIF in 
MCE7-p53siRNA were one-third of those in MCF7 cells (Fig. 2c). 
The LIF expression levels increased significantly in both cell lines 
after treatment with oestrogen. However, significantly lower LIF 
levels were still observed in MCF7-p53siRNA cells (more than three- 
fold to fourfold lower). As a control, there were no significant diffe- 
rences in the levels of pS2, an oestrogen-responsive gene not 
regulated by p53, between these two cell lines, either before or after 
treatment with oestrogen (data not shown). These results are similar 
to the observation (Fig. 2b) of different uterine Lif levels in day 4 
pregnant mice of various p53 statuses, indicating that p53 regulates 
LIF expression in coordination with oestrogen during implantation, 
which may involve an interaction between p53, oestrogen and oes- 
trogen receptor. Along with the decreased uterine expression of Lif, 
we observed impaired implantation in the p53‘ mice. Examining 
early embryo implantation sites at day 5 of pregnancy by Chicago 
blue dye staining demonstrated a significantly smaller number of 
implantation sites in p53 '~ mice than in p53'/* mice (Fig. 2d, e). 
A significant number of unimplanted blastocysts were recovered 
from p53 ‘~ mice at day 5 of pregnancy by uterine flushing, whereas 
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Figure 1| p53 regulates the expression of LIF genes. a, Putative p53- 
consensus binding elements in LIF genes. Pu, purine; Py, pyrimidine. b, p53 
binds to the p53-consensus binding elements in the LIF genes (human, LIF; 
mouse, Lif) as determined by ChIP assay. bp, base pairs. ¢, p53 transactivates 
the p53-consensus binding elements in the LIF genes as determined by 
luciferase (Luc) reporter assay. Black bars, WTp53; grey bars, mutant p53. 
d, p53 activation increases LIF expression and secretion. Left, RNA; centre, 
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ps3 


protein (cell lysate); right, protein (culture supernatant). White bars, 10(1) 
cells; grey bars, Val5 cells; black bars, Vm10 cells. e, p53 activation increases 
Lif expression in mice. C57BL/6J mice or uterine tissues from C57BL/6J mice 
were y-irradiated (5 Gy) and tissues were harvested 6h after irradiation 

(n = 3). Left, spleen; centre, thymus; right, uterus. Grey bars, control; black 
bars, irradiated. f, p53 regulates the basal transcription levels of Lif. Left, 
MEF cells; right, HCT116 cells. Results are means and s.e.m. 
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Figure 2 | p53 regulates LIF expression in mouse uterus during 
implantation. a, Transiently increased uterine Lif expression coincides 
with the onset of implantation in p53'/* C57BL/6J mice (n = 4). Grey bars, 
day 0; black bars, day 4. b, Lower uterine Lif expression in p53 /~ mice, 
especially at the implantation stage (n = 4). Grey bars, day 0; black bars, 


+/+ . . . 
none was recovered from p53*'* mice. A significantly smaller num- 


ber of implanted embryos was consistently observed in p53 _‘~ mice 
by day 7 of pregnancy (Fig. 2d, e). p53 '~ mice have normal uterine 
morphology and ovarian oestrogen levels, and seem to have normal 
ovulation and fertilization functions (Supplementary Fig. 4), which 
were unlikely to be causes for the observed low uterine LIF levels and 
the small number of implanted embryos in p53-‘~ mice. Taken 
together, these data demonstrate impaired implantation in p53 /~ 
mice. 

Implantation can be restored in Lif ‘~ mice by the administration 
of exogenous LIF at day 4 after pregnancy’. To investigate whether 
low uterine LIF levels contributed to the reduced reproduction in 
p53 '~ female mice, LIF was administered (by intraperitoneal injec- 
tion) to the pregnant p53 ‘~ mice at day 4. LIF injection did indeed 
improve maternal reproduction significantly in C57BL/6J p53 /~ 
female mice, with 100% fertility and a significantly increased litter 


Table 2 | LIF injection increases pregnancy rate and litter size in p53~/— 
female mice 


Strain and genotype LIF Litter size Pregnancy Number of 

injection rate (%) breeding 

pairs 

C57BL/6J, p53’ x p53 /— a 0.69+0.16 27 69 

+ 5.22057" 100+ 10 
129SV5|, p53-/~ X p53°/— - 2354024 58 90 

+ 3.8 + 0.32* 100+ 5 
C57BL/6J, p53°/* x pS3t7F = 6.71+043 100 4 

+ 74+0.81 100 5 


Recombinant LIF (5 tg) was administered to female mice twice, with 5h between, by 
intraperitoneal injection at day 4 of pregnancy (the day on which a plug was observed was 
designated as day 1). For the 129SV" strain, only those p53-’~ female mice that failed to get 
pregnant after mating with p53 ’~ male mice for at least 4 weeks were used for LIF injection. 
Where shown, errors are S.e.m. 

* P<(Q.001 versus untreated mice, t-test. 

+P<0.001 versus untreated mice, x test. 


day 4. c, The impact of p53 on regulation of LIF by oestrogen. d, e, Impaired 
implantation in p53 '‘~ C57BL/6J mice and its restoration by injection of 
LIE. d, Early implantation examined at day 5 of pregnancy. LIF was injected 
at day 4 of pregnancy. e, Uteri were collected at day 7 of pregnancy and the 
number of implanted embryos was counted. Results are means and s.e.m. 


size (Table 2); 70% of the mice born were alive and normal. The rest 
of the mice had developmental abnormalities, mainly defects in the 
neural tube, which were predominantly associated with females, 
which is consistent with previous reports". For the 129SV" strain, 
only those p53 ‘~ female mice that failed to become pregnant after 
mating with p53 ‘~ males for at least 1 month were employed for LIF 
injection. Injection of LIF significantly increased the pregnancy rate 
(from 0% to 100%) and litter size (Table 2). This effect was p53 
dependent; LIF injection did not change the pregnancy rate or litter 
size in wild-type mice (Table 2). Injection of LIF seemed to act by 
improving implantation in p53 ‘~ mice; it significantly increased the 
number of implantation sites and decreased the number of unim- 
planted blastocysts recovered at day 5 of pregnancy in p53 ‘~ females 
(Fig. 2d, e). These results demonstrate that p53 loss decreases the 
levels and function of uterine LIF, and administration of LIF to 
pregnant p53 ‘~ mice restores maternal reproduction by improving 
implantation. 

Implantation failure is the most frequent cause of lack of human 
pregnancy after in vitro fertilization and embryo transfer’’. Sufficient 
uterine LIF protein is an essential condition for implantation, and 
low LIF levels have been reported in infertile women’. Considering 
the strict regulation of LIF by p53, the modulation of p53 function by 
single nucleotide polymorphisms (SNPs) in the p53 pathway*’*? may 
affect implantation. A recent study reported that the p53 codon 72 
polymorphism (an Arg to Pro change) is associated with recurrent 
implantation failure in humans, but its mechanism is unclear'’. 
Because the proline allele of codon 72 seems to encode a p53 protein 
with a weaker activity than that from the arginine allele’, our results 
suggest a possible mechanism that mediates the impact of this SNP. 
These studies may also help to explain the positive selection during 
human evolution of some alleles in the MDM2 (SNP309)’ and p53 
genes’. 
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This study clearly demonstrates a new function for p53 in the 
regulation of maternal reproduction, in which LIF, a previously 
unidentified p53 target gene, functions as the downstream mediator 
of this p53 effect in mice (Supplementary Fig. 5). 


METHODS SUMMARY 


Wild-type and p53 /~ mice were used for breeding assays, and reproduction 
parameters were measured. Early implantation sites were examined by the 
Chicago blue dye-staining method at day 5 of pregnancy, and the number of 
implanted embryos was also counted at day 7 of pregnancy. ChIP assays were 
performed with an Upstate ChIP assay kit. For reporter assays, putative p53- 
binding elements were cloned into the promoter region of a pGL2 luciferase 
reporter plasmid (Promega). The reporter plasmids were transfected into p53- 
null H1299, Soas2 and HCT116 p53 ‘~ cells along with either pRC-wild-type- 
p53 or pRC-mutant-p53 p53 expression plasmid. The luciferase activities were 
determined 24h after transfection. The mRNA levels of different genes were 
measured by Taqman quantitative real-time PCR. The LIF protein levels were 
measured by ELISA assay (R & D). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Mice and cell lines. The C57BL/6J and 129SV" strain mice were purchased from 
the Jackson Laboratory. Mice deficient in p53 (C57BL/6J*129SV) were provided 
by T. Jacks. The p53 '~ C57BL/6J and 129SV" strains were produced by back- 
crossing ten times to C57BL/6J and 129SV", respectively. The wild-type and 
p53 '~ MEFs were generated as described previously'*. Mouse fibroblast Val5 
and Vm10 cells, which contain a temperature-sensitive mutant p53 plasmid 
(Ala 135 to Val) and express mutant p53 at 39°C but wild-type p53 at 32°C, 
were established as described previously'™'®. HCT116 p53'/* and p53 /~ 
human colon cancer cells were gifts from B. Vogelstein. Saos2 p53-null human 
osteosarcoma cells and MCE7 (p53 wild-type) human breast cancer cells were 
obtained from the American Type Culture Collection (ATCC). The MCE7- 
p53siRNA cell line stably expressing p53 siRNA, to knock down p53 protein", 
was a gift from A. Gartel. The human H1299-WTp5S3 cell line, which contains a 
p53 expression plasmid under the control of tetracycline and expresses the wild- 
type p53 protein on tetracycline withdrawal, was established from the p53-null 
H1299 cell line as described previously". 

Mouse breeding assay and examination of reproduction parameters. For 
breeding assays, mating pairs (8-week-old mice) were placed in cages for at least 
6 weeks, and female mice were checked every morning for copulation plugs and 
signs of parturition. The day on which the plug was observed was considered to 
be day 1 of pregnancy. Pregnancy rate was calculated as the ratio of the number of 
females with confirmed pregnancy to the number of female mice housed with 
male mice. The oestrous cycle was evaluated by cytological analysis of daily 
vaginal smears for 2 weeks. The serum oestrogen levels were measured with an 
oestradiol enzyme immunoassay kit (Cayman). The number of corpora lutea on 
each ovary as an indicator of recent ovulation was recorded. Uterine horns were 
flushed with M2 medium (Sigma) to recover blastocysts'’. Early implantation 
sites were examined by the Chicago blue dye-staining method”’ to reveal blue 
bands at day 5 of pregnancy. The number of implanted embryos was also 
counted in uteri collected from mice at day 7 of pregnancy. 

Injection of LIF. Recombinant mouse LIF (5 1g; Millipore) was administered to 
female mice twice, with 5h between, by intraperitoneal injection at day 4 of 
pregnancy. 

Irradiation with y-rays. Six-week-old C57BI/6] wild-type and p53 ‘~ mice were 
subjected to 5 Gy of total body irradiation with a '*’Cs y-ray source. Mice were 
killed 6 h after irradiation, and different tissues were harvested for further experi- 
ments. For in vitro irradiation, uteri collected from p53"! * or pos! C57Bl/6J 
mice were irradiated (5 Gy) and cultured in DMEM medium supplemented with 
10% fetal bovine serum for 6h before being harvested. At least three mice were 
used in each group. 

ChIP assay. ChIP assays were performed with an Upstate ChIP assay kit in 
accordance with the instructions of the manufacturer. Human H1299-WTp53 
and p53-null H1299 cells were cultured in the absence of tetracycline for 24h, 
followed by ChIP assay with DO-1 anti-p53 antibody. Mouse Val5 and p53-null 
10(1) cells were cultured at 32°C for 16h followed by ChIP assay with FL393 
anti-p53 antibody. The primer sets were designed to encompass the potential 
p53-binding elements in intron 1 of the human and mouse LIF genes. The 
sequences for the LIF genes are as follows: human, 5’-ACCCCGGCCC- 
CCACCATCTTC-3’ and 5’-ACTCATCCGCTGTCCCTTGTCC-3’; mouse, 


nature 


5'-TGACCTGGGGGAGAGCAACCTAAC-3' and 5'-AGCCAACAGCCCCA- 
GCATCAC-3’. 

Construction of reporter plasmids and luciferase activity assay. The TOPO II 
vector (Invitrogen) was used to clone PCR fragments containing the putative 
p53-binding elements in intron 1 of human and mouse LIF genes by using PCR 
primers for ChIP assays. The sequence-confirmed clones were subcloned into 
pGL2 luciferase reporter plasmid (Promega). The pGL2 reporter plasmids con- 
taining one copy of each putative p53-binding element were transfected into 
p53-null H1299 cells, Saos2 and HCT116 p53 /~ cells by using LipofectAMINE 
2000 (Invitrogen) along with 1 tg of pRC-wtp53 (wild-type human p53 expres- 
sion plasmid) or pRC-273H (mutant human p53 expression plasmid containing 
a substitution at R273H) and 0.5ng of pRL-SV40 plasmid expressing Renilla 
luciferase as an internal control to normalize transfection efficiency. The lucifer- 
ase activity was measured 24h after transfection and normalized with the 
internal standard. 

Treatment with oestrogen. For treatment with oestrogen, cells were cultured in 
Phenol red-free culture medium supplemented with 10% charcoal-stripped fetal 
bovine serum for 3 days before being treated with various concentrations of 17- 
B-oestradiol (Sigma) for various durations. 

Quantitative real-time PCR. Total RNA was prepared from cells or mouse 
tissues with the RNeasy kit (Qiagen) and treated with DNase I to remove residual 
genomic DNA. The complementary DNA was generated with random primers 
using a TaqMan reverse transcription kit (Applied Biosystems). Real-time PCR 
was performed in triplicate with TaqMan PCR mixture (Applied Biosystems) in 
the 7000 ABI sequence detection system. All human and mouse primers were 
purchased from Applied Biosystems. The expression of genes was normalized to 
the housekeeping gene encoding f-actin. 

Measurement of LIF protein levels. Val5 and Vm10 cells were cultured at 32 °C 
for various durations before cells and culture supernatants were collected. Cells 
were lysed in cell extraction buffer for enzyme-linked immunosorbent assay 
(ELISA; Biosource). Culture supernatants were concentrated with an Amicon 
Ultra-4 centrifugal filter device (Millipore) after a brief centrifugation to remove 
any cell debris. The LIF protein levels were measured with a mouse LIF ELISA kit 
(R & D) in accordance with the manufacturer’s instructions. 
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Intracellular bacterial growth is controlled by a kinase 
network around PKB/AKT1 


Coenraad Kuijl', Nigel D. L. Savage’, Marije Marsman', Adriaan W. Tuin*, Lennert Janssen’, David A. Egan’, 
Mirjam Ketema’, Rian van den Nieuwendijk*, Susan J. F. van den Eeden*, Annemieke Geluk°, Alex Poot’, 
Gijs van der Marel*, Roderick L. Beijersbergen*, Hermen Overkleeft*, Tom H. M. Ottenhoff* & Jacques Neefjes' 


With the emergence of multidrug resistant (MDR) bacteria, it is 
imperative to develop new intervention strategies. Current anti- 
biotics typically target pathogen rather than host-specific bio- 
chemical pathways’. Here we have developed kinase inhibitors 
that prevent intracellular growth of unrelated pathogens such as 
Salmonella typhimurium and Mycobacterium tuberculosis. An 
RNA interference screen of the human kinome using automated 
microscopy revealed several host kinases capable of inhibiting 
intracellular growth of S. typhimurium. The kinases identified 
clustered in one network around AKT1 (also known as PKB). 
Inhibitors of AKT1 prevent intracellular growth of various bac- 
teria including MDR-M. tuberculosis. AKT1 is activated by 
the S. typhimurium effector SopB, which promotes intracellular 
survival by controlling actin dynamics through PAK4, and 
phagosome-lysosome fusion through the AS160 (also known as 
TBC1D4)-RAB14 pathway. AKT1 inhibitors counteract the 
bacterial manipulation of host signalling processes, thus control- 
ling intracellular growth of bacteria. By using a reciprocal chem- 
ical genetics approach, we identified kinase inhibitors with 
antibiotic properties and their host targets, and we determined 
host signalling networks that are activated by intracellular bac- 
teria for survival. 

A major bottleneck in the development of new antibiotics is our 
lack of knowledge of the intricate relationship between host and 
bacterial proteins, which usually results in intracellular survival of 
the pathogen. Intracellular bacteria persist in phagosomes where they 
avoid degradation in lysosomes”. S. typhimurium modulates micro- 
tubular kinesin motors on phagosomes* and manipulates dynein- 
motor-driven transport of phagosomes to lysosomes to rescue 
Salmonella growth®. Salmonella activates host kinases like protein 
kinase A (PKA)°, which might inhibit dynein motors’ to promote 
Salmonella replication. We therefore set out to identify host kinases 
as potential intervention targets in infectious diseases. 

We tested selected kinase inhibitors for effects on intracellular 
Salmonella typhimurium growth in the human breast cancer cell 
line MCEF7 (Fig. la). MCF7 cells were infected with Lux-expressing 
S. typhimurium $L12023 and cultured with inhibitors for 18h. The 
effect on intracellular growth was monitored by luminescence 
(Fig. 1a), colony-forming units (c.f-u.) and fluorescence-activated 
cell sorting (FACS) assays (not shown). Only H-89 prevented intra- 
cellular growth of S. typhimurium without affecting proliferation of 
MCTI7 cells. This was confirmed in various human and mouse cell 
lines (not shown), including primary human macrophages (Fig. 2b). 
Because two other inhibitors of PKA failed to affect S. typhimurium 
growth (Supplementary Fig. 1), H-89 probably inhibited kinases 


other than PKA. When MCE7 cells were infected with green fluor- 
escent protein (GFP)-expressing S. typhimurium SL1344 for 18h, 
large intracellular S. typhimurium structures in CD63-positive late 
endosomes were observed in control but not H-89-treated cells 
(Fig. 1b). H-89 promoted fusion of GFP-S. typhimurium-containing 
phagosomes with lysosomes (not shown). H-89 could have affected 
an S. typhimurium kinase, however bacterial growth was unaltered by 
H-89 in normal broth or under conditions mimicking the phagoso- 
mal environment (Fig. Ic). 

To define host kinases involved in intracellular growth of S. typhi- 
murium and other intracellular pathogens, H-89 analogues were 
synthesized for chemical profiling (Fig. 2a; synthesis, Supplemen- 
tary Fig. 2). H-89 competes with ATP for access to kinases*. 
Enzyme specificity can be obtained by varying the linker in length 
and form and by modifying the bulky moiety. The effects of H-89 and 
nine variants were tested on intracellular S. typhimurium growth in 
primary human macrophages (Fig. 2b). S. typhimurium proliferation 
was inhibited by H-89, ETB067 and ETB275. 

The activity of H-89-related variants was then examined on 
two mycobacterial strains, M. smegmatis (Supplementary Fig. 3) 
and M. tuberculosis, following human macrophage infection 
(Fig. 2c). Similar chemical profiles to S. typhimurium infection were 
obtained, suggesting similar host kinases control intracellular growth 
of different pathogens. 

To identify these, a Dharmacon short interfering (si)RNA library 
containing 779 siRNA smartpools targeting the complete human 
kinome (658 candidates) and 121 kinase-associated or -regulatory 
proteins was tested in a high-throughput screen for inhibition of 
intracellular S. typhimurium growth using automated microscopy. 
Because H-89 and most analogues did not affect macrophage and 
MCE7 viability (Supplementary Fig. 4), silencing relevant kinase(s) 
by siRNA should neither affect cell viability. MCF7 cells were trans- 
fected with SMARTpool siRNA such that one defined kinase was 
targeted per well. Two days post transfection, cells were infected with 
GFP-expressing S.typhimurium SL1344, intracellular growth moni- 
tored 18h post infection by automated microscopy (Fig. 3a) and 
26,000 images analysed (Supplementary Figs 5 and 6). By quantifying 
GFP within cells (Supplementary Fig. 5), intracellular growth of 
S. typhimurium was determined, and plotted as a heat map (Supple- 
mentary Fig. 8c; for details on individual kinase targets and statistics 
see Methods). Data were visually verified and confirmed with a short 
hairpin (sh)RNA library specific to human kinases’ (Supplementary 
Fig. 7). Downregulation of 11 kinases and 3 kinase-associated pro- 
teins reduced intracellular S. typhimurium growth (Fig. 3b). Ten of 
these kinases were validated with multiple siRNAs for the same kinase 
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(Fig. 3b, and Supplementary Fig. 8a, b). These targets were not iden- 
tified in RNAi screens for host factors after intracellular infection of 
Drosophila melanogaster macrophage-like cells with M. tuberculosis 
or M. fortuitum'®*". AKT1 is involved in SimianVirus40 infection, 
but other kinases such as PAK4 were not identified in these RNAi 


100 - 


Light emission (a.u.) 
5 
L 


Stzaztztztztzazzaz2za22 228 8 
a 2aa 3282-32282. 2 2 226 a 
Ser kRekeerewec ere = 
= =O 
So Sof eV BB F250 @ 
ss3t+606 ob wo so as 
= ZZ Sank ¥ 5 
Zee SSOO062 
ooQOooq0 
io ont ££ 
Na Nn <“S = < Ss 
$ S Mai ek oO g 
a = Oo > Ya (e) c 
S = wd fe} 
o S <= re) 
~~ = 
Oo 8 
2 a 
= 


= LB 
4 MGM pH 7.5 
v MGM pH 4.5 


= LB +H-89 
4 MGM pH 7.5 + H-89 
v MGM pH 4.5 + H-89 


0 4 8 12 16 
Time (h) 


Figure 1| The protein-kinase-A inhibitor H-89 inhibits host kinases that 
control intracellular Salmonella typhimurium growth. a, MCF7 cells infected 
with Lux-S. typhimurium were cultured for 18 h with the various chemicals. 
The intracellular S. typhimurium was quantified by luminometry. Inhibitors 
and kinase targets are indicated. Experiments were in triplicate (+s.d.) 

(*P = 0.017). CK2 is also known as CSNK2A1. b, MCE7 cells were infected 
with GFP-S.typhimurium SL1344 and cultured with H-89 for 18h before 
staining for the late endosomal marker CD63 (n > 100). Scale bar, 10 tum. 
c, S. typhimurium growth in LB or a medium mimicking endosomal 
conditions (MGM) in the presence or absence of 10 1M H-89 at pH7.5 or 
pH 4.5 was measured at a wavelength of 595 nm. 
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studies'*. Of the three AKT enzymes, our screen identified only 
AKT1, which is selectively targeted by H-89 (not shown). No apop- 
tosis was observed after downregulation of AKT1 by siRNA or 
inactivation by H-89 (Fig. 3a), because this requires inactivation of 
AKT1 and AKT2 (R.L.B., unpublished observation). Autophagy was 
not observed (Supplementary Fig. 9). 

Pathway analyses of data revealed that kinases controlling intra- 
cellular growth of S. typhimurium clustered around a single AKT1 
network (Fig. 3c), suggesting this network is critical for intracellular 
S. typhimurium growth. To determine which kinases were targets of 
H-89 and its homologues, PKA and four other similar kinases 
(Supplementary Fig. 10) were tested for inhibition by H-89 and six 
variants (Fig. 4a). Only PKA and AKT1 activities were inhibited by 
H-89 and ETB067, in accordance with the chemical profile of intra- 
cellular bacterial growth inhibition (Fig. 2). Because PKA was not 
identified in the siRNA screen and other PKA inhibitors did not affect 
intracellular S. typhimurium growth (Fig. 1a; and Supplementary 
Fig. 1), AKT1 might be the target for H-89 and ETB067. An unrelated 
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Figure 2 | Chemical profiling for antibiotic activity of kinase inhibitors. 

a, The building block H-89 was selectively modified. For synthesis see 
Supplementary Fig. 2. b, Chemical profiling for S. typhimurium infection. 
Primary human macrophages infected with S. typhimurium SL1344 were 
cultured in the presence of 10 uM of the compounds for 18 h. Intracellular 
growth was determined in c.f.u. assays. Shown is the mean of quadruplicate 
c.f.u. counts + s.e.m. (**P < 0.001) ¢, Chemical profiling for M. tuberculosis 
infection. Primary human macrophages infected with M. tuberculosis were 
cultured as in b for 6 days with daily renewal of medium, and intracellular 
growth determined. Shown is the mean of quadruplicate c.f.u. counts + 
s.e.m. (**P < 0.001) 
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PKB inhibitor AKTil/2 (which does not inhibit PKA; Fig. 4a) also 
inhibited intracellular propagation of S. typhimurium and M. smeg- 
matis in human macrophages and MCE7 cells (Supplementary 
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Figure 3 | Identification of host kinases controlling intracellular growth of S. 
typhimurium. a, Automated-microscopy images from mock- and H-89- 
treated, as well as AKT1-siRNA-transfected MCE7 cells (magnification, x40). 
Blue, nuclei; red, cell boundaries; green, GFP-S. typhimurium. Intracellular 
growth (amount of GFP-S. typhimurium per infected cell) was calculated 
from these images (Supplementary Figs 5 and 6). For details on individual 
siRNA targets and statistics, see Supplementary Fig. 8. b, Identified targets: 
CALM3, CINP and MAPK8IP2 are kinase-associated hits. Hits were 
confirmed in an independent shRNAi screen and validated by two or more 
independent siRNAs indicated (Supplementary Fig. 8). Downregulation of 
targets was determined by quantitative qPCR or western blotting (WB) 
(Supplementary Fig. 8). c, Ingenuity Pathway Analysis of the kinase 
candidates affecting intracellular growth of S. typhimurium. In the network, 
the ten validated kinases are coded green. Open symbols, connecting 
proteins. PI3K, series of PI3Ks (PIK3C2G, PIK3CA, PIK3CB, PIK3CD and 
PIK3CG). 
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Fig. 11). AKTil/2 (which inhibits AKT1 and AKT2) induced 
apoptosis in long-term cultures, unlike H-89 and analogues 
(Supplementary Fig. 4), and therefore the effect on slowly replicating 
pathogen M. tuberculosis could not be determined. 

Host kinase AKT1 represents a new target for combating MDR- 
pathogens like MDR-M. tuberculosis, which should be sensitive to 
ETBO067 and H-89. Indeed, human macrophages infected with MDR- 
M. tuberculosis (Beijing/W family) and cultured with various H-89 
analogues showed similar chemical profiles (Fig. 4b) to S. typhimur- 
ium, M. smegmatis and M. tuberculosis (Fig. 2b, c, and Supplementary 
Fig. 3) 

The various compounds may determine sites in H-89 to increase 
the specificity for AKT1. ATP-binding sites of PKA and AKT1 are 
highly similar and H-89 fills this in a ‘bended’ conformation 
(Supplementary Fig. 12)’. The H-89 isoquinoline group mimics 
the ATP adenine group and the bromo-phenyl group fills a pocket 
that is identical in PKA and AKT1”. Changing the halogen probably 
does not improve selectivity of the compounds, but, at best, affinity. 
Manipulating the linker length may position the isoquinoline-group 
and the bulky moiety incorrectly for an optimal fit into the ATP- 
binding site thus reducing affinity, as observed (Figs 2, 4a). The 
reduced bond in the linker bends the inhibitor in the active site of 
PKA and AKT1 (Supplementary Fig. 12) and improves affinity but 
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Figure 4 | Identification of host kinase targets for the chemical compounds 
inhibiting S. typhimurium and (MDR-)M. tuberculosis. a, In vitro kinase 
reaction with purified PKA, AKT1 and 4 GFP-tagged kinase domains. The 
half-maximal inhibitory concentration (ICs9) of kinase activity is 
determined. -, ICs9 > 100 1M; ND, not determined. b, Human primary 
macrophages were infected with MDR-M. tuberculosis MDR16319 and 
cultured for 6 days in the presence of various kinase inhibitors. Shown is the 
mean of quadruplicate c.f.u. counts + s.e.m. (*P > 0.05). ¢, The effects of 
H-89 variants (Supplementary Fig. 13) on intracellular S. typhimurium 
growth in human macrophages was tested 18 h post infection, determined by 
c.f.u. assays and related to untreated cells, set at 100% (left panel; shown is 
the mean of quadruplicate experiments + s.e.m.). In addition, inhibition of 
10 1M of compounds on isolated AKT1 (middle panel) or PKA (right panel) 
is shown as a mean of triplicate experiments. 
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not selectivity (Figs 2 and 4). The methyl group in the linker of 
ETBO067 generated specificity, because CAMK2B is no longer inhi- 
bited by ETB067 (Fig. 4a). We increased the size of our chemical 
library and extended the methyl group in the linker and/or altered 
the halogen (Supplementary Fig. 13). Human macrophages were 
infected with S. typhimurium and the compounds tested (Fig. 4c; 
left panel). Replacing Br in H-89 for smaller halogens or hydrogen 
attenuated inhibition of intracellular S. typhimurium growth and 
decreased inhibition of both AKT1 and PKA (Fig. 4c). Extending 
the methyl group in the linker region of ETB067 did not affect 
bactericidal activity but selectively decreased PKA inhibition 
(Fig. 4c, and Supplementary Fig. 13). All combinations (halogens 
and extensions in the linker side chain) were tested for their effects 
on intracellular growth of S. typhimurium (Supplementary Fig. 13). 
The effect on intracellular S. typhimurium replication of the 16 H-89 
variants was cross-correlated with the rate of AKT1 or PKA inhibi- 
tion. An obvious correlation was observed only for AKT1 (Supple- 
mentary Fig. 13). 

Application of compound ETBO067 to S. typhimurium-infected 
mice following the first signs of illness prolonged survival (Supple- 
mentary Fig. 14). Notably, ETB067 neither affected viability of mice 
nor caused any detectable tissue damage at the dose given (Supple- 
mentary Fig. 15). Although better AKT inhibitors have entered 
clinical trials as anti-cancer drugs, application of our compounds 
illustrates the feasibility of using AKT inhibitors as antibiotics. 

We next studied the mechanism of AKT inhibitors as bacteriostatic 
or bactericidal agents. AKT contains a PH domain, which binds 
phosphoinositides. Phosphoinositides are frequently manipulated 
and AKT often activated by intracellular bacteria’. S. typhimurium 
secretes SopB, an effector protein with phosphoinositide phospha- 
tase activity into the host cytosol, and analogous effectors were 
identified for Shighella flexneri’*. The resulting activation of AKT 
may prevent phagosomal maturation’ and promote survival under 
nutrient-poor phagosomal conditions'’. Other bacterial effectors 
activate the small GTPase Racl, which controls actin dynamics 
during and following phagocytosis'*. To show AKT activation by 
SopB, we infected MCF7 cells with control or SopB-deficient S. typhi- 
murium before staining for activated $473-phosphorylated AKT 
(Fig. 5a). SopB activates AKT at the plasma membrane but not on 
phagosomes. 

Because PAK4 activity is controlled by phosphatidylinositol-3-OH 
kinases’®, PAK4 (also identified in our screen) could be downstream 
of AKT. PAK4 binds to, but is not activated by CDC42 and phos- 
phorylates the RHO/RAC GEF-H1 (also known as ARHGEF2), 
which then fails to activate RHOA, instead activating RAC1* and 
resulting in different and local effects on actin. We first showed that 
PAK4 was phosphorylated in cells expressing activated AKT1 and 
then showed that the phosphorylated PAK4 was more active 
(Supplementary Fig. 16a). AKT1 then lies upstream of PAK4, thus 
controlling RHOA, RAC1 and actin remodelling. 

To test whether activation of the AKT—PAK4 axis aids survival of 
intracellular pathogens, MCF7 cells expressing control or constitu- 
tively active PAK4(S445N)*’ were infected with S. typhimurium and 
cultured in the presence or absence of AKT inhibitor AKTil1/2. 
Intracellular growth of DsRed-S. typhimurium was determined 18h 
post infection by FACS (Fig. 5b). GFP—PAK4(S445N) only partially 
rescued intracellular expansion of DsRed-S. typhimurium in the pre- 
sence of AKTil/2, implying that other pathways downstream of 
AKT1 should also be involved. 

Phagosome-lysosome fusion effects were reported in 
Dictyostelium discoideum’, in which activation of AKT delays fusion 
of phagosomes to lysosomes to promote pathogen survival. Our 
inhibitors may counteract this block in phagosomal maturation, thus 
inducing lysosome fusion. Preventing lysosomal acidification there- 
fore obscured effects of AKT inhibitors (Supplementary Fig. 16b). At 
least 18 Rab GTPases are implicated in phagosomal maturation”. 
RAB14 is involved in the control of M. tuberculosis phagosomal 
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Figure 5 | Mechanisms of AKT1 control of intracellular S. typhimurium 
infections. a, MCF7 cells infected with control or SopB-deficient DsRed- 
expressing S. typhimurium before staining for activated AKT (P-AKT). 
Insets, higher magnification (n > 100). Scale bar, 10 tum. b, GFP-labelled 
PAK4 or constitutively active PAK4(S445N) expressed in MCF7 cells were 
infected and cultured with DsRed-S.typhimurium for 18 h with AKTil/2. 
DsRed-S. typhimurium were quantified by FACS and related to the infection 
of GFP—PAK4-transfected cells, set at 100%. Shown is the mean of triplicate 
experiments. c, MCF7 cells were transfected with Myc-RAB14, AS160 or the 
shRNAi AS160.2 construct for AS160, and infected with GFP-S. 
typhimurium in the presence or absence of AKTil/2. Intracellular S. 
typhimurium was quantified by FACS 18 h later and compared to untreated 
AS160-transfected MCF7 cells (set at 100%). Shown is the mean of triplicate 
experiments. d, S. typhimurium effector SopB activates AKT. AKT1 targets 
PAK4, which phosphorylates GEF-H1, thus controlling RHOA, RAC1 and 
actin. AKT1 also phosphorylates the RAB14-GAP, AS160. This prevents 
AS160 binding to phagosomal membranes, thus activating RAB14 and 
inhibiting phagosomal maturation. 
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maturation”. RabD, the D. discoideum RAB14, regulates phagocyt- 
osis and homotypic phagosome and lysosome fusion”. We followed 
GFP-RAB 14 during infection with control or SopB-deficient DsRed- 
S. typhimurium (Supplementary Fig. 16c). GFP—RAB14 localized on 
trans-Golgi and endosomal structures and was recruited to phago- 
somes only with SopB-expressing S. typhimurium. Because Rab 
GTPases cycle between active membrane-bound GTP and inactive 
cytosolic GDP forms, the Rab cycle can be monitored in living cells 
using photo-activation protocols (Supplementary Fig. 16d). The t,/2 
of phagosomal membrane dissociation of GTP-loaded PAGFP- 
RAB14 was 70s, and this markedly decreased following inhibition 
of AKT in S. typhimurium-infected cells (Supplementary Fig. 16e). 

The RAB14 cycle may be accelerated by AS160 (ref. 26) (the AKT 
substrate of 160 kDa; TBC1D4), a potential RAB14-GTPase activator 
protein (GAP). This may explain how AKT affects the RAB14 
cycle. Silencing AS160 by shRNA constructs—but also in vitro GIP 
hydrolysis experiments—identified AS160 as the GAP for RAB14 
(Supplementary Fig. 16f). AS160 becomes inactivated following 
phosphorylation by AKT and fails to bind membranes”. 
Chemically inhibiting AKT after activation by S. typhimurium accel- 
erates the RAB14 cycle (Supplementary Fig. 16e), suggesting bacterial 
effectors like SopB activate AKT (at the plasma membrane; Fig. 5a) to 
phosphorylate cytosolic AS160. Phosphorylated AS160 then fails to 
bind to phagosomal membranes and RAB14 remains activated. 
Active RAB14 then recruits (unidentified) effectors that inhibit pha- 
gosomal fusion with lysosomes™. AKT1 inhibitors counteract these 
bacterial manipulations of the host machinery, resulting in bacterial 
growth inhibition. To test whether AKT activity on AS160 and 
RAB14 affects intracellular growth of bacteria, we introduced an 
shRNA for AS160 or an expression vector for AS160 or RAB14 in 
MCF? cells before infection with DsRed-S. typhimurium. Cells were 
cultured following infection with inhibitor AKTil/2 for 18h before 
FACS analyses to determine intracellular growth (Fig. 5c). Inhibition 
of AKT1 restricted intracellular growth of S. typhimurium, which was 
partially reversed by downregulating AS160 or overexpressing its 
target, RAB14. This suggests that AKT inhibitors control RAB14 
via AS160, inducing phagosomal maturation to phagolysosomes, 
and thus controlling intracellular bacterial growth. How other 
kinases identified in the screen (Fig. 3b, c) contribute to bacterial 
survival remains to be determined. 

Thus, AKT1 acts as a master regulator by controlling at least three 
GTPases and two essential host pathways, notably PAK4—RACI/ 
RHOA and AS160—RAB14, which can be exploited by various intra- 
cellular pathogens for intracellular survival'””’ (Fig. 5d). Our AKT 
inhibitors counteract this bacterial manipulation of host processes, 
resulting in antibiotic activities. 

We have used reciprocal chemical genetics to identify host kinases 
that are essential in controlling intracellular infections and can be 
targeted by novel chemical compounds to control infection in vitro 
and delay infection-induced mortality in vivo. This procedure 
reverses the normal route followed in drug discovery in which first 
a target and then a compound is defined. Our rationale was to 
identify a class of proteins (kinases) using chemical inhibitors with 
relevant biological activities. Subsequent synthesis of inhibitor var- 
iants for chemical profiling, and RNAi screening of the relevant pro- 
tein family, identified potential host targets. AKT1 was identified by 
this approach and implicated in intracellular survival of S. typhimur- 
ium and other pathogens. We identified an inhibitor of AKT with 
limited specificity that still showed therapeutic potential as an anti- 
biotic without noticeable side effects in mice, and we identified new 
mechanisms of bacterial manipulation of host cells. Other AKT inhi- 
bitors are already in phase II trials as anti-cancer drugs** because AKT 
is found activated in many human tumours. Chronic infections 
are linked to increased cancer incidences. Patients with chronic 
Salmonella typhi infections, which usually reside in the biliary tract, 
have a reported tenfold higher incidence in gallbladder cancer”. 
Sustained activation of the AKT pathway by SopB for the survival 
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of the intracellular S. typhi may well contribute towards cell trans- 
formation and gallbladder cancer. Many anti-cancer drugs were a 
spin-off from the search for antibiotics in the 1950s. Conversely, 
the current development of inhibitors of AKT, PAK4 and other 
kinases as anti-cancer drugs may yield novel antibiotics that counter- 
act host pathways activated by intracellular pathogens for survival. 


METHODS SUMMARY 


Molecular methods, reagents and chemistry. The cloning of various constructs, 
generation of various S. typhimurium strains, growth and infection conditions, 
and in vitro kinase and GTPase assays are described in detail in the Methods. The 
details on the chemistry of the H-89 variants with nuclear mass resonance and 
mass spectrometry information are supplied in Supplementary Fig. 2. The details 
of the large-scale synthesis of ETB067 for the in vivo mouse experiments are given 
in Supplementary Fig. 2. The Student’s t-test was applied where indicated. 
Confocal microscopy and live-cell imaging. Confocal microscopy was per- 
formed with a Leica AOBS LSCM (Leica Microsystems) equipped with a 
405 nm laser for photo-activation experiments in a 37°C climate chamber. 
For details, see Methods. The decay of phagosomal photo-activatable-GFP— 
RAB14 was calculated using MATLab software. 

Automated microscopy, siRNA screening of the human kinome and statistical 
analysis. MCF7 cells were transfected with pooled siRNAs for every individual 
kinase (Dharmacon) present in the human genome before infection with GFP-S. 
typhimurium and analysis by automated microscopy (BD Pathway Bioimager). 
Images were analysed with CellProfiler (open-source cell image analysis soft- 
ware; Supplementary Figs 3, 5 and 6). The image statistics are shown in Methods. 
The heat map was generated using MATLAB software. Targets were validated 
with multiple individual siRNAs for the same target using Lux-S. typhimurium, 
and were quantified by luminometry. Pathway analysis was performed using 
Ingenuity Pathway Analysis programs. For details, see Methods. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Constructs and reagents. For the in vitro kinase assay the following Image clones 
encoding kinases were ordered at the MGC or ORIGENE and their kinase 
domains cloned by PCR into the pEGFP-C1 mammalian expression vector 
(Clontech): full-length AKT1 (T308D, $473D) and the DNA encoding the cat- 
alytically active forms were a gift of M. Voorhoeve. Full-length PAK4 (amino 
acids 2-591, Origene, NM_005884.3), PRKD2 (438-721, MGC4127433), full- 
length PCTK1 (5153A) and CAMK2B (10-573, MGC29528) were used as tem- 
plates for generating GFP-tagged kinase domains using specific PCR primers. 
HA-PAK4 constructs were a gift of C. Wells and A.Ridley*®. HA-tagged AS160 
constructs"! were a gift of G. Lienhard. The CD8 expression construct is described 
in ref. 32. The construct encoding CaPAK4(S445N)*? was made by PCR. 

For GEP-RAB14, full-length human RAB14 complementary DNA (IMAGE: 
2963119) was amplified by PCR. The PCR fragment was cloned into pGEMTeasy 
(Promega), and then pEGFP C1 (Clontech), to obtain constructs encoding 
amino-terminal enhanced-GFP-tagged RAB14. EGFP was exchanged for 
photo-activatable-GFP™ using the PA-GFP construct. 

RNAi against AS160 was performed according to a procedure described prev- 
iously’’. In short, a primer directing the synthesis of shRNA complementary to 
human AS160, was cloned 5' of the HI-RNA promoter in the pSUPER vector. 
The target sequence shRNAi AS 160.1 corresponds to AS160 394—416 nucleotides 
(sequence: 5’'-AACAGCCACGACCTCACCTACTT), and shRNAi AS160.2 to an 
already characterized sequence*’. The specificity of the target sequences was 
verified by BLAST search against the gene data bank. 

PKI was a gift from J. Zhang” and subcloned into pIRES2-DsRed2 (Clontech). 

All DNA constructs were verified by sequencing. 

Antibodies. Antibodies used were: rabbit polyclonal anti-CD63 (ref. 38) and 
mouse monoclonal anti-human-CD63 (Cymbus Biotechnology), mouse mono- 
clonal anti-human-CD8 (BD Biosciences), mouse monoclonal anti-human- 
AKT(2H10) and rabbit monoclonal phospho-AKT(193H12) (Cell Signalling), 
and mouse monoclonal anti-human LC3 (nanoTOOLS). In addition: rabbit 
polyclonal anti-S. typhimurium-LPS (Difco laboratories) and mouse mono- 
clonal 1E6 anti-S. typhimurium-LPS (Biodesign International). Secondary anti- 
bodies were: Alexa 488- or Texas Red/Alexa 568-conjugated mouse or rabbit 
(Molecular Probes). 

Cell lines. MCF7 cells were maintained in Iscoves medium (GIBCO-BRL) sup- 
plemented with 7.5% FCS, 2 mM glutamine, 100 U ml’ penicillin, 100 pg ml! 
streptomycin at 37°C in 5% CO . Human primary macrophages (mfl) were 
generated by differentiating human monocytes”. 

Animals. Female 6—8-week-old BALB/c, C57BL/6 and C3H/HeNHsd mice were 
purchased from Charles River Laboratories and maintained in specific patho- 
gen-free conditions within the animal facility at the LUMC. All experiments were 
ethically approved (Leiden LUMC UDEC 05103). 

Inhibitors. All inhibitors were used at concentrations reported to inhibit their 
kinase target. The PKA inhibitor H-89 (Biomol or Sigma) was used at a concen- 
tration of 10 uM, Rp-cAMP (Biomol) was used at a concentration of 100 uM. 
The following RHO kinase inhibiters were used: H-1152 and Y-27632 
(Calbiochem) at concentrations of 10 and 50 uM. SB203580 (Invitrogen) was 
used to inhibit p38MAPK, and LY 294002 (Calbiochem) was used to inhibit 
PI3K (concentrations 10 and 50 UM). Casein kinase was inhibited by DRB (5,6- 
Dichloro-1-B-p-ribofuranosylbenzimidazole, Calbiochem) and calmodulin 
kinase by KN-93 (Calbiochem) at concentrations of 10 and 501M. Myosin 
light-chain kinase was inhibited by ML-7 (Biomol) at 20 11M concentration. 
The PKB inhibitor AKTil/2 (Calbiochem) was used at a concentration of 
10 UM. Inhibitors were added 1h post infection along with (10 ug ml ') genta- 
mycin to eliminate extracellularly growing S. typhimurium to determine the 
effects on intracellular growth of S. typhimurium. 

Construction of new chemical compounds based on H-89 is described in detail 
in Supplementary Fig. 2. These compounds were dissolved in 100% ethanol. 
Bacterial strains, growth conditions and infections. The Salmonella strains 
S. typhimurium SL1344 and GFP-S. typhimurium SL1344” were a gift from 
S. Meresse. Control and SopB-deficient S. typhimurium 12023 were a gift from 
D. Holden. DsRED (pMW266, a gift from D. Bumann) was expressed in 
S. typhimurium SL1344 (ref. 41). This construct was isolated and expressed in 
the various S. typhimurium 12023 strains. The lux operon from P. luminescence 
(luxCD-ABE) was isolated from S. typhimurium 14028 (a gift of S. Vesterlund)*” 
and expressed in S.typhimurium 12023. MCF-7 cells were cultured at 37 °C in 5% 
CO, for 48h in Iscoves medium without antibiotics. After overnight growth at 
37 °C with shaking, bacteria were subcultured at a dilution of 1:33 in fresh LB 
medium and incubated for 3.5 h at 37 °C with shaking. MCF-7 cells were infected 
at multiplicity of infection (m.o.i.) 100 (100 bacteria per cell unless indicated 
otherwise) in Iscoves without antibiotics for 30 min at 37 °C in 5% CO). Infected 
cells were washed 4-6 times and incubated for 1h in tissue culture medium 
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containing 100 jig ml ' gentamycin (GIBCO) to eliminate extracellular bacteria. 
Infected cells were subsequently incubated for the indicated time points in med- 
ium containing 10 ug ml | gentamycin. 

Primary macrophages were infected in quadruplicate wells with log phase 
cultures of S. typhimurium or mycobacteria (M. smegmatis, H37Rv M. tuber- 
culosis or MDR-M. tuberculosis (Beijing/W family resistant to rifampacin, iso- 
niazide, ethambutol and pyrazinamide*’) at an m.o.i. of 5 for 1h at 37°C. 
Inoculum was verified by c.f-u. assays on 7H10 plates. Extracellular bacteria were 
physically removed and the medium replaced with gentamycin-containing med- 
ium (3 pg ml") and 10 LM of the appropriate kinase inhibitor. For experiments 
lasting more than 24h, medium containing gentamycin and 10 uM kinase inhi- 
bitor was refreshed daily. To recover the bacteria from the infected macrophages, 
macrophages were washed 3 times with PBS before lysis in H20, and serial 
dilutions of lysates were plated out on 7H10 plates. Colony-forming units were 
counted after 2 days for M. smegmatis, 1 day for S. typhimurium, and after 3 
weeks for M. tuberculosis. Lux activity could be directly (in the absence of exo- 
genous substrates) detected through the activity of proteins encoded in the P. 
luminescence (luxCD-ABE) operon. The uxCDE gene products are required for 
the synthesis of long-chain fatty aldehydes that were used as substrate for light 
production by the /uxAB gene products”. Light was detected by chemolumine- 
scence (Lumat LB 9507 EG&G BERTHOLD). Alternatively, internalization and 
expansion of GFP-S. typhimurium was determined by two-colour FACS, in 
which CD8 was detected as a transfection marker. Two-colour FACS was also 
used when the effect of GFP-tagged proteins on expansion of DsRED-S. typhi- 
murium was determined. 

In vivo experiments to determine the activity of ETB067 on S. typhimurium 
survival. S. typhimurium (SL1344) were grown statically and 2 X 10° cells (in a 
volume of 100,11 of PBS) were injected intraperitoneally in female 8—12-week-old 
C3H/HeNHsd mice. Mice were given a single dose of 4mg ETB067 in 8% 
ethanol/PBS solution (vehicle control, 8% ethanol only), intraperitoneally, in 
a volume of 100 il per injection at day 6 and 8 post infection, when the animal 
showed visible signs of infection on the basis of weight loss. Mice were main- 
tained in SPF conditions and the experiments were approved by the local ethical 
committee of the LUMC, Leiden (DEC protocol 05103). 

siRNA screen of the human kinome, validation and qPCR. A synthetic siRNA 
library was obtained from Dharmacon, targeting 779 kinases and kinase- 
related proteins (Human siARRAY SMARTpool Reagent - Protein Kinases; 
Dharmacon). MCF-7 cells were seeded in 384 well tCLEAR plates (Greiner 
bio-one) at 2,000 cells per well. Reversed transfection was done with 0.1 pl 
Dharmafect4 and 50 nM siRNA ina total volume of 50 tl. Transfection efficiency 
(tested with siRNA for GAPDH) exceeded 95% under these conditions. The 
transfected cells were cultured for 48h and infected with GFP-S. typhimurium 
SL1344 (50 ull of 2.67 X 10” bacteria per ml), according to the protocol described 
above. Eighteen hours post infection, the cells were fixed with 3.75% formalde- 
hyde in PBS for 1h. The nuclei were stained with Hoechst 33342 (21g ml!) 
(Molecular Probes), and the cell membranes with Wheat Germ Agglutinin 
(WGA) Alexa Fluor 647 (Molecular Probes). The microplates were imaged with 
the BD Pathway Bioimager (Becton Dickinson) with the following filters: 
Hoechst 33342 excitation 380/10, epifluorescence 400 DCLP, emission 435 LP; 
GFP excitation 470/10, epifluorescence Fura/FITC, emission 515 LP; WGA Alexa 
647 excitation 635/20, epifluorescence 84,000, emission 84,101. The images were 
analysed with open-source cell image analysis software (www.cellprofiler.org)™. 
First, nuclei were identified, based on the Hoechst 33342 stain. Cell boundaries 
were then identified using the nuclear stain as a reference point and determining 
the WGA Alexa Fluor 647 fluorescence. From the data, the rate of intracellular 
proliferation of GFP-S. typhimurium was calculated, as depicted in Supple- 
mentary Fig. 3. 

Data analysis, programming and statistical analyses are discussed in 
Supplementary Figs 5 and 6, and below. 

Using MATLAB, the results were plotted as heat maps containing the indi- 
vidual kinases and kinase-related siRNAs. SiRNAs reducing intracellular growth 
of S. typhimurium were visually inspected to exclude any image artefacts. The 
siRNA screen of the human kinome was performed twice in triplicate with four 
images made of every individual well (36 images in total). 

The mean GFP fluorescence per cell was measured and plotted as a histogram 
per image. For intracellular growth of S. typhimurium, H-89-treated samples 
were taken as a reference. Median (triplicate) GFP fluorescence per infected cells 
was compared between siRNA transfected and H-89-treated MCF7 cells and 
plotted in a heat map or as a bar diagram. 

To validate the hits further, multiple individual siRNA sequences per target 
(Dharmacon) were tested for their effect on intracellular growth of Lux-S. typhi- 
murium. Effects on intracellular growth were determined by luminometry. A hit 
was considered validated when confirmed by at least two independent siRNAs. 
The siRNA sequences validating the hits were: Supplementary Fig. 8a. The effects 
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of the different siRNAs on messenger RNA expression were determined by 
qPCR. For primer (Sigma) sequences used, see Supplementary Fig. 8a. 

Role of PKB/AKT and downstream effectors in control intracellular S. typhi- 
murium growth. MCF7 cells were transfected with expression constructs for 
PAK4, PAK4(S445N), GFP-RAB14 or the shRNA for AS160 and infected 48hr 
later with lux-S. typhimurium. 1 h post-infection, cells were cultured further in 
the presence or absence of the PKB/Akt inhibitor AKTil/2 for 18 h before 
intracellular growth of lux-S. typhimurium was measured by luminometry. 

In vitro kinase activity assays. GFP-tagged full-length kinases or kinase domains 
were expressed in HEK293 cells by DEAE-dextran transfection. Proteins were 
isolated using anti-GFP pre-coupled IgG Dynabeads (Invitrogen). AKT 
(Upstate) contained additional kinase activities and we used immunopurified 
AKT! instead. PKA (Sigma) was used in in vitro kinase assays. Kinase assays were 
performed in triplicate in a 40 pil volume containing: 20mM MOPS; 25mM 
B-glycerol phosphate, pH 7.2; 1mM EGTA; 1mM sodium orthovanadate; 
1mM dithiothreitol; 20 uM non-radioactive ATP; 15 mM MgCl; 10 ug Myelin 
Basic Protein (MBP; Sigma); 0.5 pl [y-?P] ATP (2mCiml '; GE Healthcare); 
chemical inhibitors (dissolved in DMSO) or vehicle control (DMSO). To detect 
AKTI1 activity, a Crosstide synthetic peptide with two additional carboxy- 
terminal lysine residues (GRPRTSSFAEGKK) was used. This peptide is suitable 
as a substrate for kinases, including AKT, SGK, p70S6 kinase and MST1. The 
double lysine modification enables binding to P81 paper in radioactive kinase 
assays. The reactions were started by addition of the isolated beads with GFP- 
kinase domains or isolated proteins. In all reactions, DMSO constitutes 8% of the 
volume. Inhibitors were tested at 0, 1.25, 2.5, 5, 10, 20, 40 and 80 UM final con- 
centrations and from the inhibition curves the ICs9 values were determined. 
In vitro kinase reactions were incubated at 37 °C for 20-120 min (depending on 
the kinase) and terminated by spotting 20 ll of the reaction volume on P81 paper 
(Whatman). Free (y—-*P] ATP was removed by extensive washing in 0.65 (v/v) % 
phosphoric acid, followed by one acetone wash and air-drying. Phosphorylation 
of MBP was detected using phosphorimager plates read by phosphoimaging 
(Fujix BAS 2000) and quantified by AIDA software. 

In vitro GTPase assay. The GTPase assay was performed as described pre- 
viously’. Briefly, GST-RAB14 (amino acids 1-212) was produced in 
Escherichia coli, purified and loaded with [y-"P] GTP (10mCiml ',> 
5,000 Cimmol'; GE Healthcare) in the presence of 10mM EDTA. 
Subsequently, MgCl, was added to a final concentration of 20mM, followed 
by gel filtration on a Bio-Spin 6 column (BioRad) equilibrated with buffer (0.1 M 
Tris-HCl, pH 7.5, 10mM MgCl,, 2mM dithiothreitol, 0.5 M NaCl) to remove 
free [y-**P] GTP. Reaction mixtures containing the different fusion proteins in 
reaction buffer (40 mM Tris-HCl, pH 8.0, 50mM NaCl, 8mM MgCl, 1mM 
dithiothreitol, 0.5 mM non-radioactive GTP, 0.1 mg ml | BSA, 1mM phos- 
phate, 1% glycerol) were assembled on ice. To investigate the GAP activity of 
AS160 towards RAB14, GST-RAB14 was incubated with different concentra- 
tions of GST—AS160 (GAP-domain, amino acids 856-1182). Individual reac- 
tions were stopped by adding 1 ml of charcoal suspension (7% w/v charcoal, 10% 
v/v ethanol, 0.1 M HCl, 10 mM KH,PO,)"*, and the mixture was centrifuged for 
5 min in an Eppendorf centrifuge. Release of [*’P]-orthophosphate was quan- 
tified by liquid-scintillation-counting of the supernatant. 

Cells were fixed and immuno-stained before analysis by confocal laser-scanning 
microscopy. Fixation was either in 3.7% formaldehyde for 15min at room 
temperature followed by permeabilization in 0.1% Triton-X100 or in methanol 
(—20 °C) for 2 min. 

Confocal analyses were performed using a Leica TCS SP or AOBS confocal 
laser-scanning microscope (CLSM; Leica Microsystems). Green fluorescence 
was detected at 1 >515nm after excitation at 4 = 488 nm. For dual analyses, 
green fluorescence was detected at 4 = 520-560 nm. Red fluorochromes were 
excited at 4 = 568 nm and were detected at 1 > 585 nm. 

To detect active phosphorylated AKT or GFP—RAB7 in S. typhimurium- 
infected MCEF7 cells, these cells were infected with SopB- or control S. typhi- 
murium 12023 for 45 min before fixation. Activated AKT was stained with 
anti-phosphoAKT (Cell Signalling) and secondary ALEXA-488-coupled anti- 
bodies before image analyses by CLSM. 

For uptake experiments, GFP—RAB14-expressing MCE7 cells were infected 
with DsRED-labelled control or SopB-deficient S. typhimurium 12023 for 45 min 
before analyses by CLSM. 

For photo-activation experiments, PA-GFP—RAB14-transfected MCF7 cells 
were infected with DsRED-labelled control or SopB-deficient S. typhimurium 
12023 for 45 min, and living cells analysed in a 37°C culture hood on a Leica 
AOBS CLSM (Leica Microsystems). The PA-GFP—RAB14 cycle was determined 
by photoactivation analysis*” “*, in which the loss of membrane-associated 
PA-GFP-RAB14 was monitored after photo-activation with a 405nm laser 
light using a point-bleach mode, operational with Leica Software. The decay curves 
for loss of membrane-associated fluorescence were determined using MATLab 


nature 


software. Alternatively, the PA-GFP—RAB14 cycle, reflected by loss of mem- 
brane-bound fluorescence was determined in MCEF7 cells expressing PA-GFP— 
RAB14 in the presence or absence of the pSUPER shRNA constructs for AS160. 
Statistical analysis of the data generated with Cellprofiler. Two independent 
siRNA Screens were performed to identify kinases involved in intracellular rep- 
lication of S. typhimurium. Data acquisition is described in Supplementary Figs 5 
and 6. 

Interpretation of the data requires computational and statistical analysis tech- 
niques. We generated a scored phenotype (reduced intracellular S. typhimurium 
growth only considering infected cells) list from the raw data with the open- 
source Bioconductor/R package and cellHTS” (http://www.dkfz.de/signaling/ 
cellHTS). The results are formatted ina HTML format that enables viewing of all 
the results (http://nature.labstore.nl). Owing to the edge effect the data from the 
first screen could not be B-score**-normalized and therefore not ranked 
(although ranking is included). Only by considering a sample’s direct neigh- 
bours, was determination of whether a particular siRNA reduced intracellular 
growth possible. In the second screen, the data could be B-score-normalized and 
ranked. Data from the first and second screen were both visually inspected to 
exclude any artefacts in the automated image analysis or artefacts that could 
not be resolved by the computational analyses. The heat map in Supplementary 
Fig. 8c is based on the results of computational analysis only. The hit table in 
Fig. 3b is based on ranking, visual inspection and independent validation. 

For statistics on the individual kinases see http://nature.labstore.nl. 
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Elena M. Gallo’”, Monte M.Winslow’”}, Kirsten Canté-Barrett’’+, Amy N. Radermacher’”, Lena Ho'”, 
Lisa McGinnis’, Brian lritani’, Joel R. Neilson’*+ & Gerald R. Crabtree!” 


At critical times in development, cells are able to convert graded 
signals into discrete developmental outcomes; however, the 
mechanisms involved are poorly understood. During thymocyte 
development, cell fate is determined by signals originating from 
the af T-cell receptor. Low-affinity/avidity interactions between 
the T-cell receptor and peptide-MHC complexes direct differenti- 
ation to the single-positive stage (positive selection), whereas 
high-affinity/avidity interactions induce death by apoptosis (nega- 
tive selection)'”. Here we show that mice deficient in both calci- 
neurin and nuclear factor of activated T cells (NFAT)c2/c3 lack a 
population of preselection thymocytes with enhanced ability to 
activate the mitogen-activated protein kinase (Raf-MEK-ERK) 
pathway, and fail to undergo positive selection. This defect can 
be partially rescued with constitutively active Raf, indicating that 
calcineurin controls MAPK signalling. Analysis of mice deficient 
in both Bim (which is required for negative selection) and cal- 
cineurin revealed that calcineurin-induced ERK (extracellular 
signal-regulated kinase) sensitization is required for differenti- 
ation in response to ‘weak’ positive selecting signals but not in 
response to ‘strong’ negative selecting signals (which normally 
induce apoptosis). These results indicate that early calcineurin/ 
NFAT signalling produces a developmental period of ERK hyper- 
sensitivity, allowing very weak signals to induce positive selection. 
This mechanism might be generally useful in the discrimination of 
graded signals that induce different cell fates. 

The calcineurin/NFAT** and the Raf-MEK-ERK*” pathways have 
been shown to be required for positive selection of thymocytes but not 
for their negative selection. Calcineurin B1 (Cnb1)-deficient cD4* 
CD8* double-positive thymocytes lack calcineurin activity, fail to 
dephosphorylate NFATc transcription factors and are not positively 
selected (Fig. la and ref. 3). CnbI-deficient thymocytes have normal 
phosphorylation of JNK (c-Jun N-terminal kinase), p38, protein kinase 
C-8, protein kinase D and glycogen synthase kinase 3« after crosslinking 
of the T-cell receptor (TCR) (Fig. 1b and ref. 3). Actin polymerization and 
Ca’* influx were also normal in these cells (Supplementary Fig. 2a, b). 
Collectively, these results indicated that Cnb1-deficient thymocytes did 
not have widespread signalling defects downstream of the TCR. How- 
ever, Cnb1-deficient thymocytes showed a specific and severe defect in 
ERK1/2 phosphorylation (Fig. 1c), resulting in almost undetectable 
induction of the ERK/Elk4 target gene Egr1 (ref. 6) after engagement 
ofthe TCR (Fig. 1d). Inaddition, both MAP-kinase kinase (MEK) 1/2 and 
Raf activation were defective in Cnb1-deficient double-positive thymo- 
cytes (Fig. lc, e, f) after stimulation by crosslinking of the TCR. 

To test whether calcineurin activity was directly required for 
Raf activation, we stimulated thymocytes in the presence of the 


calcineurin inhibitor cyclosporin A (CsA) or the MEK1/2 inhibitor 
UO126. Acute in vitro inhibition of MEK1/2 with UO126 but not 
inhibition of calcineurin activity with CsA impaired ERK1/2 phos- 
phorylation and Egrl induction (Fig. 2a, b). In contrast, 10-day 
treatment of mice in vivo with CsA consistently recapitulated both 
the block in positive selection and defective ERK1/2 phosphorylation 
observed in Cnb1-deficient thymocytes (Fig. 2a, b and Supplemen- 
tary Fig. 3a). These data indicated that calcineurin activity was not 
directly required for ERK1/2 phosphorylation but was instead 
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Figure 1| Specific and severe defect in Raf-MEK-ERK activation in Cnb1- 
deficient thymocytes. a, Expression of CD4 and CD8 on Cnb1-deficient and 
control thymocytes. The numbers in the corners of the panels represent the 
percentage of cells in each quadrant. b, Immunoblot analysis of 
phosphorylated and total proteins in Cnb1-deficient and control double- 
positive thymocytes after CD3¢ crosslinking. GSK, glycogen synthase kinase; 
PKC, protein kinase C; PKD, protein kinase D. c, Immunoblot analysis of 
phosphorylated ERK1/2 in Cnb1-deficient and control double-positive 
thymocytes after CD3¢ crosslinking. d, Immunoblot analysis of Egr1 
induction in double-positive thymocytes from Cnb1-deficient and control 
littermates. Brg1 shows equal loading. e, Immunoblot analysis of 
phosphorylated MEK1/2 in Cnb1-deficient and control double-positive 
thymocytes after CD3¢ crosslinking. f, Raf-B kinase activity in Cnb1- 
deficient and control double-positive thymocytes after CD3¢ crosslinking. 
IP, immunoprecipitation; IB, immunoblotting. 
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required during development to acquire the ability to activate 
ERK1/2 properly in response to subsequent TCR signalling. 

When ERK1/2 phosphorylation was assayed by intracellular stain- 
ing, two populations with different levels of ERK1/2 phosphorylation 
were observed in control double-positive CD69-negative thymocytes 
after crosslinking with anti-CD3¢ antibody. The population of thy- 
mocytes with the higher level of ERK1/2 phosphorylation was absent 
in Cnb1-deficient and CsA-treated mice (Fig. 2c and Supplementary 
Fig. 3b). The specificity of the staining and uniformity of crosslinking 
was confirmed by pretreating the cells with UO126 and by counter- 
staining for anti-CD3s, respectively (Supplementary Fig. 3c, d). We 
also examined the expression of TCR-B on Cnb1-deficient and con- 
trol thymocytes and found no difference in the percentage of thymo- 
cytes with intermediate levels of TCR-B expression (double-positive 
TCR-B"™), a population that is absent from mice that fail to rearrange 
the TCR-« chain*"° (Supplementary Fig. 3e). We concluded that two 
thymocyte populations existed, within the double-positive CD69- 
negative population, with different abilities to phosphorylate 
ERK1/2 and that calcineurin activity was required for the presence 
of the population with an increased ability to phosphorylate ERK1/2. 
We refer to these populations as “ERK low competence’ and ‘ERK 
high competence’ populations, respectively. 

We used a single bromodeoxyuridine (BrdU) pulse to mark deve- 
loping thymocytes"! and establish the precursor/progeny relationship 
of these two populations. At early time points, most BrdU-positive, 
double-positive thymocytes were in the ‘ERK low competence’ state, 
with the percentage of BrdU-positive ‘ERK high competence’ double- 
positive thymocytes increasing over time (Fig. 2d, upper panel). The 
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activity for proper activation of ERK. a, ERK1/2 phosphorylation in double- 
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transition to the “ERK high competence’ state was not observed in 
CnbI-deficient thymocytes (Fig. 2d, lower panel). These data indi- 
cated that the ‘ERK low competence’ state preceded the ‘ERK high 
competence’ state during normal thymocyte development and that 
calcineurin activity was required for this transition. The lag time for 
the development of the “ERK high competence’ population was con- 
sistent with a requirement for transcription. 

Because the calcineurin phosphatase complex regulates the NFATc 
family of transcription factors'’*'’, we analysed NFATc2/NFATc3 
double-knockout thymocytes, which also have impaired positive 
selection*. The development of the ‘ERK high competence’ popu- 
lation was impaired in NFATc2/NFATc3 double-knockout thymo- 
cytes (Fig. 2e), the incomplete block probably reflecting a partly 
redundant function of NFATcl. These data indicated that calci- 
neurin/NFAT signalling was required for the transition to the “ERK 
high competence’ state. The developmental requirement for calci- 
neurin and NFAT activity for normal activation of the ERK pathway 
was specific to thymocytes because short-term or long-term treat- 
ment with cyclosporin had no effect on peripheral T and B lympho- 
cytes (Supplementary Fig. 3f and data not shown). Analysis of 
MHCI/MHCH double-knockout mice revealed that the development 
of the ‘high ERK competence’ double-positive thymocyte population 
did not require TCR-MHC (major histocompatibility complex) 
interaction or positive selection (Supplementary Fig. 4a). Micro- 
array analysis showed that 312 transcripts were differentially 
expressed in double-positive thymocytes from untreated and CsA- 
treated MHCI/MHCII double-knockout mice, indicating that calci- 
neurin activity is required for preconditioning of double-positive 
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thymocytes independently of positive selection (Supplementary Fig. 
4b, c, and Supplementary Table 1). We speculate that the develop- 
ment of the “ERK high competence’ population depends on pre-TCR 
signalling and/or ligand-independent tonic TCR-«f signalling and 
that the modulation of Raf activity could be due to a program of gene 
expression rather than a single modulator working at a single point in 
the pathway. 

If a main mechanism by which calcineurin controlled positive 
selection were by modulating the sensitivity of the Raf-MEK-ERK 
pathway, restoring Raf signalling in the absence of calcineurin acti- 
vity should lead to at least a partial rescue of positive selection. To test 
this, we obtained mice whose thymocytes express a constitutively 
active Raf-1 mutant protein (Raf-CAAX transgenic mice), which 
does not induce positive selection in the absence of TCR signalling’. 
Mice were analysed between four and six weeks of age, before they 
developed any sign of thymic lymphoma. Long-term treatment with 
CsA completely blocked positive selection in control mice (Fig. 3a). 
However, positive selection is rescued in CsA-treated Raf-CAAX 
mice as assessed by the upregulation of CD69 and TCR-B and the 
development of mature CD24'°Qa2"®" single-positive CD4 and 
CD8 thymocytes (Fig. 3a—d). Moreover, CD4 single-positive and 
CD8 single-positive thymocytes that are rescued in CsA-treated 
Raf-CAAX mice were able to respond functionally when stimulated 
with anti-CD3 and anti-CD28 antibodies (Supplementary Fig. 5). 
Analogous results were obtained when Raf-CAAX was expressed in 
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Figure 3 | Reconstitution of Raf-MEK-ERK signalling partly rescues 
positive selection in the absence of calcineurin activity. a, Expression of 
CD4 and CD8 in Raf-CAAX transgenic and control mice treated with CsA or 
left untreated. b, Analysis of CD69 and TCR-B expression on thymocytes 
from Raf-CAAX transgenic and control mice treated with CsA or left 
untreated. c, Analysis of CD24 and Qa2 expression on thymocytes from Raf- 
CAAX transgenic and control mice treated or not with CsA. d, Absolute 
numbers of TCR" CD4 and CD8 single-positive cells (n = 8, each square 
represents an individual mouse; bar equals mean value). P values refer to a 
one-tailed t-test. Open symbols, CsA, Raf-CAAX; filled symbols, CsA. 
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Cnb1-deficient thymocytes (Supplementary Fig. 6). As expected, the 
decreased thymic cellularity that is observed in the absence of calci- 
neurin activity as a consequence of impaired transition from double 
negative to double positive was not rescued by the Raf-CAAX trans- 
gene (Fig. 3e and Supplementary Fig. 6d). Raf-CAAX only partly 
restores ERK phosphorylation in thymocytes from CsA-treated mice 
(Supplementary Fig. 6e). The fact that the Raf-CAAX transgene does 
not rescue the double-negative to double-positive developmental 
block and does not restore appropriate timing or intensity of ERK 
signalling, together with additional ERK-independent Cnb1/NFAT 
targets (such as the transcription factor TOX) (ref. 15), might explain 
the incomplete rescue in Cnb1-deficient Raf-CAAX mice. 

We proposed that this developmental window of ERK hyper- 
sensitivity might transiently increase the dynamic range (or band- 
width) of TCR signals, thereby enabling thymocytes to respond to 
‘weak’ positively selecting ligands. To test this, we used the OT-I TAP 
(transporter associated with antigen processing)-null mice mouse 
model'*!? (OT-I TAP”). We compared the ability of double-positive 
thymocytes from control and CsA-treated OT-I TAP® mice to 
respond to the negatively selecting peptide SIINFEKL and the 
positively selecting peptide RTYTYEKL (ref. 17). OT-I-positive 
double-positive thymocytes from control mice responded to both 
peptides by phosphorylating ERK1/2, inducing Egr1 and upregulat- 
ing CD69 (Fig. 4a—c and Supplementary Fig. 7). The response to the 
positively selecting peptide is weaker and delayed, as has been pre- 
viously reported'*’’. In contrast, double-positive thymocytes from 
CsA-treated mice were able to respond partly to the negatively select- 
ing peptide SIINFEKL but failed to respond to the positively selecting 
peptide RTYTYEKL (Fig. 4a—c and Supplementary Fig. 7). These data 
suggested that calcineurin-dependent ERK sensitization is required 
for a response to weaker positively selecting ligands, whereas stronger 
negative selecting signals are able to activate the ERK pathway to a 
certain extent even when the transition to the “ERK high competence’ 
state has not occurred. 

If the role of calcineurin were to increase the ‘signalling bandwidth’ 
and allow effective discrimination of graded signals, one would pre- 
dict that Cnb1-deficient thymocytes that were prevented from dying 
should be positively selected in response to stronger signals, which 
would normally induce cell death. To test this, we used mice deficient 
in Bim, which is necessary for negative selection”. In control mice, 
in vivo treatment with CsA completely blocked the development of 
single-positive thymocytes. However, differentiation occurred in 
Bim-deficient mice even in the absence of calcineurin activity as 
assessed by the development of TCR-B™®" CD4 single-positive and 
CD8 single-positive cells and upregulation of TCR-B, CD69 and 
CCR7 on double-positive cells (Fig. 4d and Supplementary Fig. 
8a—c). The double-negative to double-positive developmental block 
that is observed in CsA-treated and Cnb1-deficient thymocytes’, 
which results in an overall decrease in thymus cellularity in these 
mice, was not rescued by Bim deficiency (Supplementary Fig. 8c). 
Analogous results were obtained when Bim-deficient mice were 
crossed with conditional Cnb1-deficient mice (Supplementary Fig. 
8d, e). Because Bim deficiency did not rescue development of the 
‘ERK high competence’ population itself (Supplementary Fig. 8f), we 
postulated that in Bim-deficient mice ‘strong’ negatively selecting 
ligands could trigger the activation of ERK in thymocytes that are 
in the ‘ERK low competence’ state. According to this hypothesis, in 
Bim-deficient mice negatively selecting ligands could circumvent the 
need for the calcineurin-dependent sensitization and could induce 
the differentiation of single-positive thymocytes that in normal cir- 
cumstances are negatively selected. Indeed, analysis of Bim-deficient 
mice in a background (Balb/c) that expresses the MHC class II mole- 
cule I-E and allows the superantigen-mediated deletion of T cells* 
revealed that in CsA-treated Bim-deficient mice a higher percentage 
of CD4 single-positive thymocytes expressed TCR VB chains that are 
reactive to endogenous superantigens in comparison with controls, 
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suggesting that single-positive thymocytes that develop in these mice 
are in fact those that received negatively selecting signals (Fig. 4e). 
As a second approach to testing whether the role of ERK compe- 
tence is to expand the signalling bandwidth, allowing the effective 
discrimination of weak signals, we examined thymocyte selection in 
the HY TCR transgenic mouse model. In this model most thymocytes 
express the HY TCR and are negatively selected by antigens expressed 
in male but not female mice’'. As expected, the deletion of HY thy- 
mocytes in male mice (Supplementary Fig. 9a) was impaired by Bim 
deficiency”. Because CsA treatment resulted in the accumulation of 
immature CD8 single-positive cells (Supplementary Fig. 9a), we eval- 
uated positive selection by monitoring CD69 upregulation and the 
development of CD24'°” and Qa2"®" CD8 single-positive cells. 
Treatment with CsA impaired CD69 upregulation and the develop- 
ment of mature CD8 single-positive thymocytes in control and Bim- 
deficient female mice, whereas it did not block the development of 
mature CD8 single-positive cells in male mice (Fig. 4f and 
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Supplementary Fig. 9b, c). Similar results were obtained in the 
HY“* model, in which TCR-«B expression is properly timed”? (data 
not shown). These results suggested that the amount of ERK signal- 
ling provided by ‘strong’, negatively selecting signals in CsA-treated 
mice is able to induce differentiation and that negatively selecting 
signals do not require the development of ‘ERK competence’. 

Cell fate determination often occurs within morphogenic gradi- 
ents that produce different cell fates at different points in the gra- 
dient, apparently as a result of signals of different intensities. A 
similar analogue-to-digital switch occurs in T-cell development 
(Supplementary Fig. 1), where signal intensity determines the out- 
come of TCR—MHC interactions. Our studies indicate that an early 
calcineurin-NFAT signal sensitizes the Raf-MEK-ERK pathway, 
allowing responses to weak TCR signals that would otherwise not 
be detected (Supplementary Fig. 1). In the absence of this calci- 
neurin-dependent preconditioning, the signal intensity needed for 
positive selection overlaps with that needed for negative selection, 
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Figure 4 | Transition to the ‘high ERK competence’ state is required to 
respond functionally to positively selecting ligands. a, Phospho-ERK1/2 in 
OT-I double-positive thymocytes from mice stimulated with SIINFEKL or 
RTYTYEKL. White symbols, untreated; grey symbols, CsA-treated. b, Egr1 
upregulation in OT-I double-positive thymocytes stimulated with 
SIINFEKL or RTYTYEKL. c, CD69 upregulation in OT-I double-positive 
thymocytes after 4h of stimulation. A indicates the percentage difference in 
CD69 thymocytes stimulated by APCs only or by peptide-pulsed APCs. 
Solid lines, APCs plus peptide; grey areas, APCs only. d, CD4 and CD8 
expression in thymocytes from mice of the indicated genotypes. 
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e, Percentage of CD4 single-positive expressing Vf chains reactive or not to 
endogenous superantigens (squares show results for individual mice; bars 
show medians; n = 3). White symbols, untreated control; light grey symbols, 
Bim-deficient; dark grey symbols, Bim-deficient and CsA-treated. 

f, Percentages (numbers shown in each panel refer to the percentage of cells 
in the indicated interval) and absolute numbers of HY* CD8 single-positive 
CD24'°W cells in mice of the indicated genotypes (squares show results 

for individual mice, bars show means; n = 4). White symbols, untreated; 
grey symbols, CsA-treated. 
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and effective discrimination of graded developmental signals cannot 
occur. 


METHODS SUMMARY 

Mice. Mice were maintained in the animal facility of Stanford University in 
accordance with federal and institutional guidelines and were used between 4 
and 12 weeks of age unless otherwise noted. 

Cell isolation and flow cytometry. Cnb1-deficient and control double-positive 
thymocytes were routinely purified by anti-CD8« magnetic beads (Miltenyi 
Biotech) (purity more than 90%). Antibodies against CD markers, Q2a and 
CCR7 were from eBioscience. Phospho-ERK (clone 197G2) antibody was pur- 
chased from Cell Signalling and staining was performed in accordance with the 
manufacturer’s recommendations. 

BrdU labelling. Mice were injected intraperitoneally with 1 mg of BrdU (BD 
Pharmingen) and killed at the indicated time points. BrdU staining was per- 
formed in accordance with the manufacturer’s instructions. 

Biochemical analysis. For all biochemical analyses, Cnb1-deficient and control 
thymocytes were processed, stimulated and analysed as described in ref. 23. 
For stimulations of OT-I TAP° transgenic mice, CH27 cells transduced with 
H-2K” (CH27-H-2 K°; provided by M. Davis’s laboratory”) were used as 
antigen-presenting cells (APCs). Stimulation was performed as described”. 
For phospho-ERK staining, T2-H-2 K° cells (ref. 26) (provided by M. Davis’s 
laboratory) were used as APCs. 

Microarray. Total RNA was harvested from sorted thymocytes with Trizol, 
followed by purification and on-column DNase digestion with an RNeasy mini 
kit (Qiagen) in accordance with the manufacturer’s recommendations. Total 
RNA (200 ng) was used to generate biotinylated RNA with two rounds of amp- 
lification in accordance with Affymetrix’s recommendation. All amplifications, 
antisense RNA labelling, hybridizations, washings, and data collection were 
performed by the Affymetrix Core Facility at the Stanford Protein and Nucleic 
Acid Facility. Data were analysed with GENESIS software” and GCOS and DMT 
software (Affymetrix) in accordance with the manufacturer’s recommendations, 
leaving default settings unchanged. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Mice. Cnb1 conditional knockout and Raf-CAAX mice have been previously 
characterized*"*. Lck-cre mice were a gift from C. Wilson. Because no consistent 
differences were observed among mice of the genotypes Cnb1*!* -Ick";Cnb 
Ick, Cab 14! -Ick";Cnbl” or Cnb¥"4, they are collectively referred to as “con- 
trol mice’ throughout this manuscript. In addition, no differences were observed 
between Cnbl/!-Ick® and Cnbi"4-Ick“ mice, and these animals were used 
interchangeably for the experiments described in this study and compared with 
age-matched control mice. OT-I transgenic mice!® on the TAP® background 
were a gift from K. A. Hogquist. C57/B6 H2-A’/B2m double knockout mice, 
C57BL/6 and HY TCR transgenic mice were purchased from Taconic. Bim- 
deficient mice were purchased from the Jackson Laboratory. For in vivo treat- 
ment with CsA, mice were treated with daily intraperitoneal injections of CsA 
(30mgkg | d~') for ten or more days. Mice in which exon 3 of the NFATc3 gene 
is flanked by loxP sites (NFATc3"/) were generated in our laboratory“ and crossed 
to Lck-cre mice and to NFATc2-deficient mice’** to obtain NFATc2/NFATc3- 
deficient thymocytes. 

Phospho-ERK intracellular staining. The staining for phospho-ERK was 
performed as indicated in the staining protocol provided by Cell Signalling. 
For co-staining with anti-BrdU and anti-phospho-ERK antibodies, the staining 
was performed in accordance with instructions from Cell Signalling for the anti- 
phospho-ERK antibody with the following modifications: first, DNase treatment 
was performed in accordance with the BD Pharmingen protocol after the block- 
ing step, and second, anti-BrdU antibody was added at the same time as the anti- 
phospho-ERK antibody. For phospho-ERK staining in OT-I TAP” thymocytes, 
T2-H-2 K” APCs were pulsed overnight at a concentration of 10° ml! with 2 uM 
SIINFEKL and 100 1M RTYTYEKL in RPMI medium. APCs were washed twice 
in PBS and then incubated with thymocytes at a 1:1 ratio at 37°C for the 
indicated duration. Reaction was started with a 2-min centrifugation at 300g. 
Conjugates were disrupted by the addition of ice-cold PBS, 10 mM EDTA, 2% 
paraformaldehyde and by vigorous pipetting. Cells were then left on ice for 5 min 
and then incubated at 25°C for 15 min. Staining was performed in accordance 
with instructions from Cell Signalling, except that the incubation in ice-cold 
methanol was followed by an additional incubation overnight in methanol at 
—20°C. 

Biochemical analysis. SDS-PAGE and immunoblotting were conducted with 
standard procedures. All phospho-specific antibodies and total protein antibody 
used for immunoblotting were purchased from Cell Signalling with the excep- 
tion of anti-B-Raf and anti-Egr1 (Santa Cruz Biotechnology) and anti-ERK1/2 
(Upstate Biotechnology). 

Microarray. The indicated thymocyte populations were sorted on ARIA and the 
purity was assessed to be at least 98% by reanalysis. Three independent RNA 
samples from thymocytes sorted from individual mice were analysed for each 
experimental group. Probe sets were first filtered with DMT software 
(Affymetrix) by eliminating those that did not have a ‘present call’ in all control 
samples (for increased calls) or all experimental samples (for decreased calls). 
Nine pairwise comparisons of the three experimental versus three control sam- 
ples were performed with DMT software. To be considered significant, probe sets 
had to receive a ‘change call’ in 100% of comparisons, had to have an absolute log 
ratio of 1 or more, and had to be considered significantly changed by one-way 
analysis of variance (ANOVA) (P=0.01). One-way ANOVA was run with 
GENESIS software” on all probe sets, after filtering for absent calls. Probe sets 
were annotated by submitting them to the Affymetrix analysis website (www. 
affymetrix.com/analysis/index.affx). 


28. Xanthoudakis, S. et al. An enhanced immune response in mice lacking the 
transcription factor NFAT1. Science 272, 892-895 (1996). 
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mTOR controls mitochondrial oxidative function 
through a YY1-PGC-1a transcriptional complex 


John T. Cunningham’, Joseph T. Rodgers’, Daniel H. Arlow®, Francisca Vazquez’, Vamsi K. Mootha® 


& Pere Puigserver’” 


Transcriptional complexes that contain peroxisome-proliferator- 
activated receptor coactivator (PGC)-la control mitochondrial 
oxidative function to maintain energy homeostasis in response 
to nutrient and hormonal signals'”. An important component in 
the energy and nutrient pathways is mammalian target of rapa- 
mycin (mTOR), a kinase that regulates cell growth, size and 
survival* >. However, it is unknown whether and how mTOR con- 
trols mitochondrial oxidative activities. Here we show that mTOR 
is necessary for the maintenance of mitochondrial oxidative func- 
tion. In skeletal muscle tissues and cells, the mTOR inhibitor 
rapamycin decreased the gene expression of the mitochondrial 
transcriptional regulators PGC-1a, oestrogen-related receptor a 
and nuclear respiratory factors, resulting in a decrease in mito- 
chondrial gene expression and oxygen consumption. Using 
computational genomics, we identified the transcription factor 
yin-yang 1 (YY1) as a common target of mTOR and PGC-1a. 
Knockdown of YY1 caused a significant decrease in mitochondrial 
gene expression and in respiration, and YY1 was required for 
rapamycin-dependent repression of those genes. Moreover, 
mTOR and raptor interacted with YY1, and inhibition of mTOR 
resulted in a failure of YY1 to interact with and be coactivated by 
PGC-1la. We have therefore identified a mechanism by which a 
nutrient sensor (mTOR) balances energy metabolism by means of 
the transcriptional control of mitochondrial oxidative function. 
These results have important implications for our understanding 
of how these pathways might be altered in metabolic diseases and 
cancer. 

Growth factors including insulin induce phosphatidylinositol-3- 
OH kinase, which activates protein kinase B/Akt, leading to phos- 
phorylation of the tuberous sclerosis (TSC) 1—-TSC2 complex. This in 
turn releases Rheb from its inhibition, which then activates the 
mTOR kinase*. mTOR also responds to nutrients through a less well 
characterized mechanism through Rheb and the class HI PI(3)K 
Vps34 (refs 6-8). mTOR controls the transcription of many genes” 
and positively regulates mitochondrial activity'®; however, the 
mechanisms mediating this response remain unknown. PGC-la 
controls mitochondrial function through interaction with transcrip- 
tion factors such as oestrogen-related receptor «% (ERR-«) and 
nuclear respiratory factors (NRFs)''. Decreases in PGC-la and 
PGC-1B and downregulation of oxidative phosphorylation target 
genes in skeletal muscle have been associated with insulin resistance 
and type 2 diabetes’. 

Taking these results together, we proposed that mTOR might 
influence nutrient oxidative rates to maintain energy levels in mam- 
malian cells by controlling mitochondrial transcriptional regulators. 
Figure la and Supplementary Fig. 1 show that treatment of C2C12 


myotubes with rapamycin (a specific mTOR inhibitor) decreased the 
messenger RNAs encoding PGC-la, ERR-«, NRF-1 and Gabpa/b. 
Mitochondrial gene targets of PGC-1o involved in oxidative phos- 
phorylation, the tricarboxylic acid cycle and uncoupling respiration 
were also downregulated by rapamycin (Fig. 1b and Supplementary 
Fig. 1). These effects on gene expression translated into a 32% 
decrease in mitochondrial DNA content (Fig. 1d) and a 12% decrease 
in oxygen consumption by rapamycin (Fig. le). Similar results were 
also observed in primary skeletal muscle cells treated with rapamycin 
(Supplementary Fig. 2). To demonstrate further that mTOR controls 
mitochondrial genes, we used TSC27'~ cells, in which mTOR is 
constitutively active'*. As shown in Fig. la—-c and Supplementary 
Fig. 1, TSC2 ‘~ cells showed an elevated expression of mitochondrial 
genes that were downregulated by rapamycin. Moreover, knockdown 
of components of the mTORC1 complex, mTOR and raptor, but 
not S6K1, resulted in decreased expression of mitochondrial genes, 
and the cells became insensitive to rapamycin (Fig. 1f, 1g, and 
Supplementary Fig. 3). Mitochondrial DNA content (Fig. 1d) and 
oxygen consumption (Fig. le) followed the same pattern. Next, we 
investigated whether the effects of rapamycin were also observed in 
mice. Skeletal muscle from mice treated with rapamycin showed a 
decrease in mitochondrial gene expression and oxygen consumption 
(Fig. lh, i). Mice treated with rapamycin developed symptoms of 
diabetes, with hyperglycaemia, glucose intolerance, higher levels of 
free fatty acids in skeletal muscle, hypertriglyceraemia and hyper- 
cholesterolaemia (Supplementary Fig. 4). Further analysis of the 
metabolic effects of mTOR in cells treated with rapamycin revealed 
a decrease in lactate production. Despite lower rates of oxygen con- 
sumption and glycolysis, ATP levels were preserved (Supplementary 
Fig. 5). Because rapamycin can lead to changes in Akt activity 
through feedback mechanisms'”'®, we determined whether Akt 
mediated the effects on mitochondrial function. Whereas mito- 
chondrial gene expression and oxygen consumption were decreased 
after 12hours of treatment with rapamycin, phospho-Akt was 
either increased in TSC2‘~ cells or unchanged in C2C12 cells. 
Furthermore, whereas rapamycin decreased expression of the genes 
encoding PGC-la and cytochrome c¢, an Akt inhibitor did not 
(Supplementary Fig. 6). Taken together, these results support the 
finding that mTOR positively controls mitochondrial gene expres- 
sion and oxygen consumption in an Akt-independent manner. 

To systematically identify the transcription factors downstream of 
mTOR that are specifically involved in regulating mitochondrial 
function, we used a computational genomics approach. We per- 
formed microarray analysis of TSC2‘~ cells treated with rapamycin 
(Supplementary Table 1; rapamycin versus vehicle). Using SAM", we 
identified 1,907 differentially expressed genes at an estimated false 
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discovery rate (FDR) of 6.3%. Roughly twice as many transcripts 
were downregulated as were upregulated, and the downregulated 
transcripts were highly enriched (12.9% of downregulated tran- 
scripts versus 3.7% overall, P< 8 X 10~*°) for transcripts predicted 
to encode mitochondrial proteins'*. Because PGC-1a is known to 
regulate the expression of many mitochondrial genes, we also pro- 
filed TSC2~'~ cells overexpressing PGC-1a (Supplementary Table 2). 
As seen in Fig. 2a, many of the mitochondrial genes induced by PGC- 
lo are suppressed by rapamycin; whereas 27% of all genes are in the 
upper left quadrant, 50% of mitochondrial genes’* are found in the 
same quadrant (77 = 463, P<9 X 107 '°*). Together, these micro- 
array analyses demonstrate that treatment with rapamycin sup- 
presses the expression of many mitochondrial genes that are 
induced by PGC-la. We next used motifADE" to identify cis- 
regulatory elements that might mediate the transcriptional response 
to rapamycin. Among all possible hexamer, heptamer and octamer 
motifs, the hexamer ATGGCG was the highest scoring element 
(adjusted P< 6 X 10°) (Fig. 2b). This hexameric sequence is known 
to be bound by the transcription factor YY1 (ref. 19). The identified 
YY1 motif was enriched upstream of predicted mitochondrial genes" 
(24% versus 15%, P<3 X 107!) and highly enriched upstream of 
oxidative phosphorylation genes (36% versus 15%, P<5 X 10°). 


O, consumption 
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Figure 1| mTOR controls mitochondrial gene expression and oxygen 
consumption. a, b, Transcriptional regulators (a) and mitochondrial genes 
(b) are regulated by mTOR. Open columns, vehicle; filled columns, 
rapamycin treatment. c—e, RNA and protein (c), mitochondrial DNA (d) and 
oxygen consumption (e) are decreased by rapamycin. f, g, Raptor 
knockdown decreases PGC-1«% and mitochondrial genes. Lentiviral shRNAs 
were used to infect TSC2 /~ cells. Scr., scrambled. f, Western blot analysis of 
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Because PGC-1a% upregulates mitochondrial genes and rapamycin 
downregulates a large set of these genes (Fig. 2a), we used 
motifADE to test whether genes with the YY1-binding site are 
induced during PGC-lo-mediated mitochondrial biogenesis. We 
found that the hexameric motif was highly significant in the 
TSC2"'~ cells (P<2X10 7) and in C2C12 myotubes (P<4 X 
10°) overexpressing PGC- Ia. 

YY1-binding motifs were highly enriched in mitochondrial genes 
regulated by rapamycin and PGC-1u, suggesting that YY1 might con- 
trol their expression. Figure 3 shows that knockdown of YY1 decreased 
the expression of PGC-1a and PGC-1f, mitochondrial genes, mito- 
chondrial DNA and oxygen consumption. Conversely, ectopic 
expression of YY1 increased the expression of mitochondrial genes 
(Fig. 3e). Rapamycin-dependent downregulation of those genes was 
largely abolished by knockdown of YY1. This indicates that YY1 is 
required for conferring rapamycin-dependent downregulation. 

To gain insights into the mechanisms by which mTOR controls the 
YY1—PGC-1a function, we performed chromatin immunoprecipita- 
tion (ChIP) analysis and found that YY1 is recruited to promoter 
regions of the genes encoding PGC-1a and cytochrome c (Fig. 4a). 
Moreover, overexpression of YY1 increased, but knockdown of YY1 
decreased, the activity of both promoters (Fig. 4b). Because PGC-1a 
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indicated proteins. g, Quantitative real-time PCR analysis of indicated 
genes. h, i, Rapamycin decreases mitochondrial genes (h) and oxygen 
consumption (i) in mouse skeletal muscle. Gastroc., gastrocnemius. 
Measurements are described in Methods. Error bars represent s.e.m.; n = 6; 
asterisk, P < 0.05; two asterisks, P< 0.01 for vehicle versus rapamycin 
treatment; dagger, P< 0.05 scrambled versus raptor shRNA. 
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Figure 2 | Genomic analysis reveals that mitochondrial genes are regulated 
by PGC-1a and mTOR pathways by means of the transcription factor YY1. 
a, Relationship between the change in expression of all genes in TSC2 /~ 
cells treated with rapamycin (x axis) and overexpressing PGC-1« (y axis). 
Mitochondrial genes’* are shown in red; 50% of mitochondrial genes are 


regulates both genes'', we analysed whether YY1 was coactivated by 
PGC-1a. As shown in Fig. 4c, PGC-1 increased the transcriptional 
activity of GAL4-YY1. PGC-1o coactivation of YY1, but not of ERR- 
a, was repressed by rapamycin. These results indicate that YY1 binds 
directly to mitochondrial gene promoters and that PGC- 1 functions 
as a transcriptional coactivator for YY1 in an mTOR-dependent 
manner. To test how mTOR might control YY1, we performed 
immunoprecipitation assays. As shown in Fig. 4d, mTOR is present 
in the YY1 protein complex. This interaction is direct and requires 
both the YY1 amino and carboxy termini (Supplementary Fig. 7b). 
Raptor (a component of mTORC1), but not rictor (a component of 


found in the upper left quadrant, whereas only 27% of all genes are found in 
the quadrant (P<9 < 10 '°°). b, MotifADE output showing the top ten 
most significant motifs for rapamycin versus vehicle in TSC2 ‘~ cells. The 
YY1-binding site is the highest-scoring motif in cells treated with rapamycin. 
Adj., adjusted. 


mTORC2) also interacted with YY1 and was bound to promoters of 
the genes encoding PGC-1a and cytochrome c (Fig. 4a, e). In addi- 
tion, mapping studies indicated that raptor binds to the YY1 region 
that lies between amino-acid residues 203 and 235, which has been 
shown to be necessary for co-repressor recruitment (Supplementary 
Fig. 7e)”°. In binding assays in vitro, glutathione S-transferase (GST)— 
YY1 interacted strongly with full-length PGC-lo through the 
C-terminal domain. In addition, PGC-1o interacted with YY1 prim- 
arily through the third C-terminal zinc finger (Supplementary 
Fig. 7h). Finally, the fact that coactivation of YY1 by PGC-la 
was decreased by rapamycin while YY1 remained bound to the 
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Figure 3 | YY1 regulates mitochondrial gene expression and oxygen 
consumption. a, PGC-1o% and PGC-1f are controlled by YY1. C2C12 
myotubes were infected with adenoviruses encoding scrambled (scr.) or YY1 
shRNA. RNA was quantified as described in Methods. Open columns, vehicle; 
filled columns, rapamycin treatment. PRC, PGC-1-related coactivator. 

b-d, Mitochondrial gene expression (b), mitochondrial DNA (c) and oxygen 
consumption (d) are decreased by YY1 shRNA. In b, open columns, vehicle; 
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filled columns, rapamycin treatment. e, Ectopic expression of YY1 increased 
mitochondrial genes. HEK-293 cells were infected with lentiviruses encoding 
YY1 as described in Methods. FHA, Flag—HA epitope tag. Open columns, 
vehicle; filled columns, rapamycin treatment. Error bars represent s.e.m.; 

n = 6; asterisk, P < 0.05; two asterisks, P < 0.01 for vehicle versus rapamycin; 
dagger, P< 0.05; two daggers, P< 0.01 for scrambled versus YY1 shRNA; 
section sign, P< 0.05 for GFP versus FHA-YY1. 
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Figure 4 | Rapamycin-dependent coactivation and interaction between 
PGC-10, YY1 and mTORC1. a, YY1, PGC-1« and raptor bind the promoters 
of the genes encoding PGC-1e (left panels) and cytochrome c (right panels). 
ChIP analysis with YY1 (top row), Flag-HA—PGC-1« (middle row) and 
raptor (bottom row) was performed on TSC2 ‘~ cells. Bars represent s.e.m.; 
n= 6. b, YY1 activates the promoters of the genes encoding cytochrome c 
(top graphs) and PGC-1« (bottom graphs). Luciferase reporter assay. 


promoters, and that mTOR and raptor interacted with YY1 indepen- 
dently of rapamycin, prompted us to test whether the interaction 
between YY1 and PGC-1a was the key regulated step that controlled 
YY1-dependent mitochondrial gene transcription in response to 
mTOR activity. Figure 4f and Supplementary Fig. 7j show that 
PGC-1a and YY1 interacted in cells; more significantly, the inter- 
action between these two proteins was disrupted by rapamycin. ChIP 
analysis showed that PGC-1a is bound to promoters of the genes 
encoding cytochrome cand PGC-10; however, rapamycin prevented 
this recruitment (Fig. 4a). These results indicate that mTOR regulates 
the transcriptional function of YY1—PGC-1« by directly altering their 
physical interaction. 

Transcription factors such as ERR-« and Gabpa/b are important 
for PGC-1a-induced mitochondrial biogenesis'’”’; however, mTOR 
did not directly regulate the transcriptional activity of PGC-1a on 
these factors. Instead, mTOR controlled mitochondrial gene expres- 
sion through the direct modulation of YYI-PGC-1« activity. This 
regulation would allow the cell to connect nutrient pathways to 
activate mitochondrial function and ensure energy supply for cellular 
activities. PGC-1a and oxidative phosphorylation genes are modestly 
downregulated in skeletal muscle of humans with type 2 diabetes'*"’. 
Our motif analysis also identified the YY1 motif as being significantly 
associated with this pattern of mitochondrial gene expression. In fact, 
the YY1 motif is also significantly (P< 0.05) associated with differ- 
ential expression between diabetic and control patients'*. However, it 
is not clear how mTOR is regulated in skeletal muscle in type 2 
diabetes and insulin resistance. We show that mice treated with 
rapamcyin developed several symptoms of diabetes, which is consis- 
tent with diminished oxidative function in skeletal muscle. Treat- 
ment with rapamycin in humans receiving organ transplants and 
in rodents has been associated with increased levels of blood triacyl- 
glycerols and cholesterol, which might contribute to insulin resis- 
tance’. Our model (Fig. 4g) predicts that a decrease in mTOR 
activity would inhibit YY1-PGC-lo function, resulting in a 


c, YY1-PGC-1« transcriptional activity is repressed by rapamycin. Error 
bars represent s.e.m.; 1 = 8; asterisk, P < 0.05; two asterisks, P< 0.01 for 
vehicle versus rapamycin treatment in c, and for versus vector controls in 
b. d, e, mTOR (d) and raptor (e) interact with YY1. IP, 
immunoprecipitation. f, Rapamycin-dependent interaction between YY1 
and PGC-1a. YY1 immunoprecipitates were analysed by western blot. 

g, Model of how mTOR controls mitochondrial respiration. 


decreased expression of mitochondrial genes that might be linked 
to increased circulating and intracellular lipids. Finally, the fact that 
the YY1—PGC-1« interaction can be directly modulated by mTOR 
activity opens new possibilities for potential pharmacological inter- 
vention to increase mitochondrial activity in metabolic diseases in 
which it is compromised. 


METHODS SUMMARY 

Experiments on mice. Male Balb/c mice 10 weeks old were daily injected intra- 
peritoneally with 2.5 mgkg~' rapamycin or vehicle. Mice were sacrificed after 11 
days of injection and soleus and gastrocnemius muscles were dissected. Oxygen 
consumption was measured from saponin-permeabilized muscle slices using 
5mM glutamate and 2mM malate as substrates, as described, with a Rank 
Brothers oxygen electrode**”* 

Molecular biology. Cells were cultured in DMEM containing 10% cosmic calf 
serum. C2C12 myoblasts were differentiated in DMEM with 2% horse serum. 
YY1 short hairpin RNA (shRNA) was cloned into pSUPER by using the sequence 
5'-GGGAGCAGAAGCAGGTGCAGAT-3’. Other expression and shRNA plas- 
mids have been described previously or were generated by PCR cloning of 
described constructs (see Methods). RNA was isolated with Trizol, reverse tran- 
scribed using Superscript II Reverse Transcriptase with oligo(dT) primers and 
analysed by quantitative real-time (qRT)—PCR by SYBR green fluorescence. 
Mitochondrial DNA was quantified by determining the ratio of mitochondrial 
cyclo-oxygenase (Cox)2 to nuclear intron of B-globin by qRT-PCR of isolated 
DNA. ChIP was performed by using the Upstate protocol with the indicated 
antibodies. Luciferase assays were performed on lysates after transfection of cells 
with the indicated plasmids by using Polyfect reagent. 

Microarray and cis-regulatory motif analysis. Expression profiles of TSC2 ‘~ 
cells were obtained with Affymetrix MOE430v2 GeneChips. Expression sum- 
mary values were calculated by using RMA” with default settings in one batch for 
the rapamycin/vehicle-treated cells and separately for the PGC-1a/green fluore- 
scent protein (GFP)-transduced cells. A modified version of motifADE"’ was 
used to identify cis elements associated with differential expression between 
treatment groups. Promoter regions consisting of 2 kilobases of genomic 
sequence centred on the transcription start site were compiled, and a gene was 
recorded as having a particular motif only if both mouse and human promoters 
contained the motif, although the position need not be conserved. A Bonferroni 
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correction was applied when testing all k-mer motifs. The hypergeometric dis- 
tribution was used to test whether the YY1 motif was enriched upstream of 
nuclear-encoded oxidative phosphorylation and mitochondrial genes’®. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Constructs and reagents. Adenoviruses were constructed using the pAdEASY 
system (Stratagene). The cytochrome c and 2-kilobase PGC-1a pGL3 luciferase 
reporter plasmids have been described previously''”’. Gal4-ERR-« and Gal4-YY1 
constructs were made by cloning full-length complementary DNAs into pCMX-R 
EcoRI/BamHI and BamHI/Nhel sites, respectively. Flag—-haemagglutinin (HA)— 
YY1 was cloned into VVCW/BE for lentiviral expression by using EcoRI/Nofl sites. 
Antibodies used were: phospho-S6K1 (catalogue no. 9205; Cell Signaling), S6K1 
(catalogue no. 9202; Cell Signaling), phospho-S6 (catalogue no. 2211; Cell 
Signaling), S6 (catalogue no. 2212; Cell Signaling), tubulin (catalogue no. 
05-661; Upstate), mTOR (catalogue no. 2972; Cell Signaling), raptor (catalogue 
no. 4978; Cell Signaling) and rictor (catalogue no. 2140; Cell Signaling). 

Cell culture and treatments. C2C12 cells were differentiated using DMEM 
containing 2% horse serum for 72h before treatments or infections. Infected 
C2C12 cells were analysed or treated with vehicle or rapamycin (14h at 20nM 
unless otherwise indicated) 72h after infection. 

ChIP. Chromatin:protein complexes were prepared from cells using the Upstate 
protocol. For Raptor and Flag-HA-—PGC-la experiments, 1.5mM DSP* 
was used to crosslink protein:protein/DNA complexes in addition to 1% form- 
aldehyde. DNA was sheared to 200-—800-base-pair fragments and immuno- 
precipitated with rabbit anti-YY1 antibody (catalogue no. sc-281; Santa Cruz), 
HA-affinity matrix (Roche) or anti-raptor antibodies (catalogue nos 2280 and 
4978; Cell Signaling). Primer sequences are provided in Supplementary 
Information. Ratios of input DNA to bound DNA were calculated and data were 
normalized to vehicle-treated samples. 

Mitochondrial DNA quantification. Cells were treated with dimethylsulph- 
oxide or 20nM rapamycin for 48h for TSC2‘~ cells and for 72h for C2C12 
cells. Mitochondrial DNA was quantified by quantitative real-time PCR 
by measuring the ratio of mitochondrially encoded Cox2 to an intron of the 
nuclear-encoded f-globin gene. Similar results were obtained with mitochon- 
drial cytochrome b and an intron of nuclear glucagon. Primer sequences are 
provided in Supplementary Information. 

Protein interaction analysis. For immunoprecipitation, nuclear extracts were 
prepared with the Dignam protocol except that nuclei were lysed in buffer con- 
taining 20 mM HEPES pH 7.9, 125 mM NaCl, 0.5% Nonidet P40, 1 mM EDTA, 
protease and phosphatase inhibitors. YY1 protein was immunoprecipitated 
using anti-YY1 antibody (catalogue no. sc-281; Santa Cruz). YY1 was western 
blotted using anti-YY1 antibody (catalogue no. sc-7341; Santa Cruz) and 
anti-PGC-1o antibody (gift from B. Spiegelman). YY1 and mTORC1 immuno- 
precipitations were performed with the protocol described”. 

Oxygen consumption analysis. Cells were trypsinized, washed in PBS and then 
resuspended in Dulbecco’s phosphate-buffered saline (dPBS) supplemented with 
25 mM glucose, 1 mM pyruvate and 2% BSA. The rate of oxygen consumption was 
measured with a Rank Brothers oxygen electrode. An equal number of cells under 
each condition were counted and placed in the electrode chamber for measure- 
ment. Data are expressed relative to the rate of respiration of control samples. 
Transient transfection, luciferase reporter assays and lentivirus infection. 
Transient transfections were performed in HEK-293 or TSC2 ‘~ murine embry- 
onic fibroblasts using Polyfect (Qiagen) at a DNA:Polyfect ratio of 1:2. Cell 
culture medium was changed after 12h. Cells were Lysed with Reporter Lysis 
Buffer (Promega) and luciferase assays were performed. For lentivirus encoding 
shRNA experiments, we used the same protocol as described in ref. 30; sequences 
are provided in Supplementary Information. 
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Gene expression analysis. Total RNA was extracted with Trizol (Invitrogen). 
cDNA generated by Superscript II enzyme (Invitrogen) with oligo(dT) primer 
was analysed by qRT—PCR with an iQ SYBR Green Supermix (Bio-Rad). Cell 
culture data were normalized to B-actin expression and mouse data were nor- 
malized to 36B4 expression. Primer sequences are provided in Supplementary 
Information. 

Microarray analysis. TSC2-'~ murine embryonic fibroblasts were either (1) 
treated with vehicle or 20 nM rapamycin for 14h or (2) infected with adenovirus 
expressing GFP or PGC-1« for 24h. RNA was isolated with Trizol reagent. Using 
Affymetrix MOE430 v2 gene chips, biological triplicates of each condition were 
analysed: vehicle-treated, rapamycin-treated, GFP-infected and PGC-1a- 
infected. Expression summary values were computed by using RMA” in 
Bioconductor with default settings (background correction version 1.2, quantile 
normalization) in one batch for the rapamycin/vehicle-treated cells and in 
another for the PGC-10/GFP-infected cells. 

Cis-regulatory motif analysis. Databases of promoter regions consisting of 
2,000 bases centred on the annotated transcription start site (TSS) of all mouse 
and human RefSeq genes were prepared using the UCSC genome browser and 
the MM4 and HGI16 builds of the mouse and human genomes. Using an orthol- 
ogy mapping from the Jackson Laboratory, 10,503 mouse/human pairs of pro- 
moter regions of orthologous genes were compiled. For all sequence analyses, a 
gene was recorded as having a particular motif in its promoter region only if the 
mouse and corresponding human promoter regions both contained an instance 
of the motif, although the position relative to the TSS need not be conserved. The 
cumulative hypergeometric distribution was used to test whether the identified 
YY1 motif ATGGCG was significantly enriched upstream of nuclear-encoded 
mitochondrial genes and upstream of nuclear-encoded genes involved in oxid- 
ative phosphorylation. The Maestro predicted mitochondrial genes were used as 
a comprehensive list of mitochondrial genes'*. Of the 10,503 mouse/human pairs 
in the promoter region database, 712 were Maestro genes and 64 were oxidative 
phosphorylation genes. Using the annotations from Affymetrix, 4,955 mouse/ 
human promoter region pairs were compiled for which the mouse gene was 
measured by a single probe set on the Mouse 430A chip. These probe sets were 
ordered by using Welch’s ¢ statistic as a measure of differential expression 
between rapamycin and vehicle, and all hexamer, heptamer and octamer DNA 
sequences were tested for association with differential expression by using 
motifADE". To correct for multiple testing, a flat Bonferroni correction of 4* 
was applied to the nominal P values when testing all k-mer motifs. MotifADE was 
also used to test whether the identified YY1 motif ATGGCG was associated with 
differential expression in several other data sets'*'®. In each case, all genes were 
ordered by differential expression by using Welch’s t statistic. When testing a 
single motif (instead of, for example, 4° motifs) it is unnecessary to apply the 
Bonferroni correction. 


27. Andersson, U. & Scarpulla, R. C. Pgc-1-related coactivator, a novel, serum- 
inducible coactivator of nuclear respiratory factor 1-dependent transcription in 
mammalian cells. Mol. Cell. Biol. 21, 3738-3749 (2001). 

28. Pierce, S. B. etal. Regulation of DAF-2 receptor signaling by human insulin and ins- 
1,a member of the unusually large and diverse C. elegans insulin gene family. Genes 
Dev. 15, 672-686 (2001). 

29. Kim, D. H. et al. mTOR interacts with raptor to form a nutrient-sensitive complex 
that signals to the cell growth machinery. Cell 110, 163-175 (2002). 

30. Sancak, Y. et al. PRAS40 is an insulin-regulated inhibitor of the mTORC1 protein 
kinase. Mol. Cell 25, 903-915 (2007). 


©2007 Nature Publishing Group 


Vol 450|29 November 2007|doi:10.1038/nature05998 


nature 


LETTERS 


Inhibition of the EGF receptor by binding of MIG6 to 
an activating kinase domain interface 


Xuewu Zhang't, Kerry A. Pickin’, Ron Bose’}, Natalia Jura’, Philip A. Cole & John Kuriyan’” 


Members of the epidermal growth factor receptor family (EGFR/ 
ERBB1, ERBB2/HER2, ERBB3/HER3 and ERBB4/HER&4) are key 
targets for inhibition in cancer therapy’. Critical for activation is 
the formation of an asymmetric dimer by the intracellular kinase 
domains, in which the carboxy-terminal lobe (Clobe) of one 
kinase domain induces an active conformation in the other’. The 
cytoplasmic protein MIG6 (mitogen-induced gene 6; also known 
as ERRFI1) interacts with and inhibits the kinase domains of EGFR 
and ERBB2 (refs 3-5). Crystal structures of complexes between the 
EGER kinase domain and a fragment of MIG6 show that a ~25- 
residue epitope (segment 1) from MIG6 binds to the distal surface 
of the Clobe of the kinase domain. Biochemical and cell-based 
analyses confirm that this interaction contributes to EGFR inhibi- 
tion by blocking the formation of the activating dimer interface. A 
longer MIG6 peptide that is extended C terminal to segment 1 has 
increased potency as an inhibitor of the activated EGFR kinase 
domain, while retaining a critical dependence on segment 1. We 
show that signalling by EGFR molecules that contain constitu- 
tively active kinase domains still requires formation of the asym- 
metric dimer, underscoring the importance of dimer interface 
blockage in MIG6-mediated inhibition. 

Before activation, the EGFR kinase domain is in an autoinhibited 
conformation that resembles that of inactive cyclin-dependent 
kinases (CDKs) and the Src family kinases*®. Conversion to the active 
form requires interactions between the distal surface of the C lobe of 
one kinase domain and the amino-terminal lobe (N lobe) of the other 
in the asymmetric activating dimer’. This conformational change 
resembles closely the activation switch induced in CDKs by cyclins’, 
even though the Clobe of the EGFR kinase domain is structurally 
unrelated to cyclins. 

If the cyclin/CDK-like asymmetric dimer is indeed critical for 
EGFR activation, then the modulation of this interaction might 
underlie naturally occurring mechanisms of EGFR regulation. We 
looked for protein inhibitors of EGFR that are known to function by 
interacting with the intracellular portions of the receptor. One such 
protein is MIG6 (or receptor-associated late transducer, RALT, the 
gene for which is also named gene 33), which is a feedback inhibitor 
of both EGFR and ERBB2 (refs 3 and 5). MIG6 inhibits EGFR- 
mediated signals in mouse skin’, and deletion of the MIG6 gene leads 
to hyper-activation of EGFR”. 

The N-terminal region of MIG6 is not implicated in EGFR inhibi- 
tion (Fig. la). The C-terminal region shows sequence similarity to 
only a non-catalytic region of the ACK] tyrosine kinase (Fig. 1a), 
which also binds to the EGFR cytoplasmic domain’. A segment 
within this region of MIG6 (residues 323-372) is critical for EGFR 
and ERBB2 binding (Fig. 1a)'”'*. We determined the crystal structure 
of a 60-residue fragment spanning this segment (residues 315-374) 


bound to the EGFR kinase domain (Supplementary Information). 
This structure and structures of EGFR complexed to two overlapping 
40- and 25-residue fragments (residues 325-364 and 340-364) define 
a 25-residue epitope of MIG6 that binds to the EGFR kinase domain 
(residues 337-361, denoted MIG6(segment 1). The structure of the 
40-residue peptide complex has been determined at 2.9 A resolution. 

The EGFR kinase domain bound to MIG6(segment 1) adopts the 
Src/CDK-like inactive conformation, and not the active conforma- 
tion normally seen in crystals of the kinase domain (Fig. 1b)”*. The 
interface, which buries 1,800 A? of surface area, involves an extended 
conformation of the MIG6 peptide and disparate binding elements 
on the kinase domain (Fig. 1b and c; Supplementary Information). 
MIG6(segment 1) lies within a shallow depression on the distal sur- 
face of the C lobe of the kinase domain, formed by helices 7G and «7H 
and the loops connecting helices «F-xG, «G-—xH and «H-al. The 
interactions are mainly polar, although a few hydrophobic residues 
from helix «H contribute to the interface. 

The footprint of MIG6(segment 1) on the kinase domain overlaps 
the cyclin-like face of the kinase domain in the asymmetric kinase 
domain dimer, and so binding of MIG6 to an EGFR kinase domain 
will prevent it from acting as a cyclin-like activator for other kinase 
domains (Fig. 1, and see later). Residues in EGFR located at the 
MIG6(segment 1)-binding interface are conserved’, suggesting that 
MIG6 will also bind to other EGFR family members. 

MIG6(segment 1) binds to the EGFR kinase domain with 
micromolar affinity. The dissociation constant for a 30-residue 
fluorescein-labelled MIG6 peptide (residues 334-363, spanning the 
entire binding epitope of segment 1) is 13.0 + 1.3 uM (Fig. 2a, and 
Supplementary Table 1). Val 924 in the C lobe of the kinase domain is 
located in the centre of the asymmetric kinase domain dimer inter- 
face and also participates in the interaction between the kinase 
domain and MIG6(segment 1)? (Fig. 1b, c). A V924R mutation in 
the kinase domain abolishes peptide binding (Fig. 2a). Met 346, 
Phe 352 and Tyr 358 in MIG6 are within the kinase/MIG6(segment 
1) interface (Fig. 1c), and mutation of any of these residues also 
abrogates binding (Fig. 2b). 

The EGFR kinase domain has very low activity in solution, but is 
activated on increasing its local concentration by tethering it to lipid 
vesicles, which promotes the formation of the asymmetric dimer’. 
Various MIG6 peptides that contain segment 1 inhibit the activity 
of the kinase domain attached to lipid vesicles, with half maximal 
inhibitory concentration (ICs9) values of ~10 UM (Fig. 2c). A 25- 
residue peptide (residues 340-364) that lacks 3 residues in the 
N-terminal portion of MIG6(segment 1), is much less potent 
(Fig. 2c, and Supplementary Information). Peptides that contain 
mutations that disrupt the binding interface (M346A, F352A and 
Y358A) do not inhibit kinase activity markedly (Fig. 2c). An EGFR 
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Figure 1| Structure of the EGFR kinase domain/MIG6(segment 1). 

a, Schematic diagram of human MIG6 primary structure. Regions of 
interest, including the previously defined EGFR/ERBB2 binding region 
are boxed and labelled. b, Two orthogonal views of the EGFR kinase domain/ 
MIG6(segment 1) complex. A channel to which peptide inhibitors of some 
other kinases docked is indicated’*’*. The electron density around 
MIG6(segment 1) in the right panel is contoured at 30 and is from a 
simulated annealing omit map with coefficients (|Fo|—|Fc|)e'*, where the 
calculated structure factors are generated from a model that does not 
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kinase domain bearing an 1682Q mutation is not stimulated by con- 
centration at the membrane because it is unable to form the asym- 
metric dimer’. The basal activity of this mutant in solution is not 
inhibited by MIG6(segment 1), which has the same binding affinity 
for this mutation as for the wild-type kinase domain (Fig. 2a and 
Supplementary Fig. 3). Thus, MIG6(segment 1) is only able to inhibit 
the kinase domain in the context of asymmetric dimer formation. 
We tested the inhibition of EGFR autophosphorylation by full- 
length MIG6 in a cell-based assay. Co-expression of the wild-type 


NATURE|Vol 450|29 November 2007 


Shared interface 


@ MiG6(segment 1)-binding interface @ Asymmetric dimer interface 


contain MIG6. c, Detailed view of the interface between the EGFR kinase 
domain and MIG6(segment 1). Hydrogen bonds are represented by dashed 
lines. d, Comparison of the MIG6(segment 1) binding interface and the 
kinase domain asymmetric dimer interface on the distal surface of the kinase 
Clobe. A large portion of the surface is shared by the two interfaces 
(outlined), and it is clear that binding of the EGFR kinase domain by 
MIG6(segment 1) would block the formation of the asymmetric activating 
dimer. c and d are in similar orientations to that in the right panel of b. 


MIG6 with EGFR decreases the EGF-induced autophosphorylation 
of EGFR, whereas introduction of individual mutations in 
MIG6(segment 1) (M346A, F352A or Y358A) abolishes this effect 
(Fig. 2d), confirming that segment | is important for inhibition of 
EGER by full-length MIG6. 

An intriguing property of MIG6 is its ability to bind more tightly to 
activated EGFR than to the unliganded receptor**'*. MIG6(segment 
1) alone cannot confer this property, because the kinase residues that 
interact with it do not change conformation on activation®®'*. The 


Figure 2 | Binding and inhibition of EGFR by 
MIG6(segment 1). a, Titrations of the wild-type 
EGER kinase domain and the V924R and 1682Q 
mutants to the 30-residue (residues 334-363) 
fluorescein-labelled MIG6 peptide. b, Titrations 
of the wild-type EGFR kinase domain to the wild- 
type and three mutant 30-residue fluorescein- 
labelled peptides. ND denotes ‘not determined’ 
(Kp values cannot be determined reliably). 

c, Inhibition of the activity of the EGFR kinase 
domain by peptides spanning MIG6(segment 1) 


[kinase] (uM) 
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30-residue peptides contain the entire binding 
epitope of segment 1, whereas the 25-residue 
peptide lacks the N-terminal 3 residues. The 
mutations were introduced in the 30-residue 
peptide. See Supplementary Table 1 for the 
residue boundaries. Fl, fluorescein. d, A cell- 
based assay showing that MIG6 inhibits full- 


Henan length EGFR autophosphorylation, whereas 


MIG6 


4 0.065 - wr mk, 13.021.3)M b 
> 1682Q @ K, 18.3 +2.6uM a 
S 0.06} va24R © KP ND aire S 
Ke} xe} 
2 0.055 + 0.2 Q 
= = 
oO oO 
8 0.05 7 
et aaa. © 5 
8 0.045 aig B 
2 2 
S 0.04 s 
L Ww 
0.035 | l l l I J 0.035 l l 
0 10 20 30 40 50 £460 0 10 20 
[kinase] (uM) 
Peptide Kinase 
c 60-residue WT —ii— d 
40-residue WT —€£}: 
30-residue WT = -@ = 
30-residueFl WT -::@:": 
007 + 25-residue WT —%- 
: M346A WI —&— Transfection: 
WT MIG6 
WT Control WT 
EGF - + - + 
Anti-pY 
Anti-EGFR 
Anti-Myc 
[peptide] (uM) (MIG6) 


742 


sk ee ah, sen mutations in segment 1 abolish the inhibition. 


od aed heelen ben beehen heel 
— 


©2007 Nature Publishing Group 


NATURE|Vol 450|29 November 2007 


LETTERS 


a os Kinase b Figure 3 | Inhibition of EGFR kinase activity by 
336-412 L834R Peptide Kinase MIG6(segments 12). a, Inhibition of the L834R 
336-412(Y358A) L834R - EF - 336-412 WT —m mutant kinase in solution by peptides 336-412 or 
30-residueFl L834R---O--- 336-412(Y358A) WT --—£}- 336-412(Y358A) (containing both segment 1 and 
8 08 9.009 |- 2). The 30-residue peptide (containing segment 1 
0.7 0.7 — 5g . 0.008 B=EeER SS 9s 3 4 only) is used as a control. The insert shows an 
0.6 c ig ee 0.007 expanded view at low peptide concentrations. 
- 05 = 04 — 0.006 + b, Inhibition of the wild-type kinase in solution 
a #03 0,005 + by peptides 336-412 or 336-412(Y358A). 
a 04 £ 0.004 - Titration of peptide 336-412 beyond 30 iM leads 
rT 0.3 pal OG —0o-oa 0s 0a ~ 9.003 L to unreliable results owing to precipitation of the 
0.2m My die. [peptide] (uM) 0.002 - protein and peptide (see Methods). 
0.1 F Se Seesesesie 4H 0.001 + 
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Cterminus of MIG6(segment 1) is located within a channel leading 
into the kinase active site (Fig. 1b), used by peptidic inhibitors of 
protein kinases that interact directly with the active sites'>’®. The 
region of MIG6 that is C-terminal to segment 1 (segment 2, Fig. la) 
contains a region of strong homology to ACK1 (also known as 
TNK2) (refs 3, 5 and 11). Because MIG6 and ACK] are both sensitive 
to the activation state of EGFR**''’”, there may be specific interac- 
tions between segment 2 and the activation loop and/or the N lobe of 
the kinase domain. 

To test the role of segment 2, we produced a longer peptide (resi- 
dues 336-412, MIG6(segments 1—2)), and analysed its effect on a 
variant of the EGFR kinase domain that contains a mutation 
(L834R) that renders it constitutively active in the absence of con- 
centration on vesicles*. MIG6(segments 1-2) inhibits this mutant 
kinase domain with an ICs, value of ~200nM (Fig. 3a). 
MIG6(segments 1-2) bearing a mutation within segment 1 
(Y358A) inhibited L834R much less efficiently (ICs) ~5 pM). 
MIG6(segment 1) (the 30-residue peptide) did not inhibit this 
mutant kinase, consistent with its dimerization-independent acti- 
vity. Interestingly, MIG6(segments 1—2) seems to be much less potent 
in inhibiting the basal activity of the wild-type kinase domain in 
solution, and MIG6(segments 1—2) bearing a mutation in segment 1 
(Y358A) does not show any inhibition under the same conditions 
(Fig. 3b). These results suggest that segment 2 is responsible for the 
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EGF 
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inhibition of the activated EGFR kinase domain, and that both seg- 
ments | and 2 are important for the high potency of inhibition. 

Could MIG6 function by binding primarily to the activated kinase in 
an asymmetric kinase domain dimer, and not to the cyclin-like activator 
kinase? The MIG6(segment 1) interaction would then be important for 
anchorage of MIG6 to EGFR, but not directly relevant for shutting 
down kinase activity. Such a role may be operative in auto-inhibition 
of ACKI, the kinase domain of which has a conserved segment-1- 
binding surface, with the MIG6 homologous segments present within 
the same protein (Supplementary Information). We expect, however, 
that the asymmetric EGFR dimer will dissociate, and that activated 
kinase molecules can subsequently serve as cyclin-like activators. This 
may facilitate the lateral propagation of EGFR activation, which can 
spread across the cell surface even when EGF is localized to a small 
region'”®. The interaction between MIG6(segment 1) and the kinase 
domain would block further transmission of the activating signal. 

To examine this potential, we co-transfected cells with two var- 
iants of EGFR. One form (EGFR(activator)) resembles ERBB3 in that 
it is catalytically inactive (the catalytic base, Asp 813, is mutated to 
Asn) but can serve as a cyclin-like activator. To promote interaction 
with MIG6, we introduced the L834R mutation, which destabilizes 
the inactive conformation, into the EGFR(activator). To prevent 
EGFR(activator) from assuming the ‘activated’ position in the 
asymmetric dimer, we also introduced the 1682Q mutation’. The 


Figure 4 | A double-headed mechanism for 
EGFR inhibition by MIG6. a, A co-transfection 
experiment showing that EGFR(activator) can 
activate EGFR(activatable), and that MIG6 can 
inhibit this activation. b, Co-transfection 
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experiments showing that full-length EGFR 
containing the L834R/V924R double mutation 
only shows autophosphorylation when co- 
transfected with EGFR(activator). Co- 
transfection combinations in a and b are 
represented by the cartoons in the respective 
lower panels, for clarity. The 1682Q, D813N, 


EGFR(activator) 

L834R and V924R mutations are denoted in the 

L834R/V924R cartoons by a circle, diamond, star and triangle, 
respectively. c, A schematic diagram showing 
the double-headed mechanism for EGFR 
inhibition by MIG6 involving both segment 1 and 
segment 2. 

Inactive 


conformation 


Dimerization MIG6 upregulation 
— > a —> 
Activation Feedback inhibition c 


MIG6(segment 2) 


MIG6(segment 1) 


743 


©2007 Nature Publishing Group 


LETTERS 


second EGFR variant (EGFR(activatable)) is catalytically active, but 
has the V924R mutation, which prevents it from serving as an 
activator’. We tested the effects of MIG6 on EGFR phosphorylation 
in co-transfections with these two variants. The results show that 
EGFR(activator) can activate EGFR(activatable) in the presence 
of EGF (Fig. 4a), consistent with our previous findings’. Co- 
transfection of MIG6 with EGFR(activator) and EGFR(activatable) 
suppresses this activation (Fig. 4a). MIG6(segment 1) does not bind 
to the kinase domain bearing the V924R mutation, and an intact 
MIG6(segment 1) is required for inhibition of EGFR in cellular assays 
(Fig. 2). We therefore interpret the results of the triple transfection 
experiment (Fig. 4a) to mean that MIG6 binds to EGFR(activator) 
and prevents the activation of EGFR(activatable). 

Full-length EGFR bearing the activating L834R mutation is not 
fully phosphorylated in cells'®”°, suggesting that the formation of the 
asymmetric dimer is still required for robust autophosphorylation 
even when the kinase domain is rendered constitutively active. We 
confirmed this by introducing the V924R mutation, which prevents 
the kinase domain from serving as the cyclin-like activator, into 
EGFR with a constitutively active kinase domain (L834R/V924R). 
EGFR(L834R/V924R) fails to undergo autophosphorylation (Fig. 
4b), although the kinase activity of this double mutant is comparable 
to that of the kinase domain bearing the single activating mutation 
(L834R) (Supplementary Fig. 6). EGF-stimulated autophosphoryla- 
tion is restored when this double mutant is co-transfected with the 
kinase-dead EGFR(activator) (Fig. 4b). These results further under- 
score the importance of blockage of the asymmetric dimer interface 
by MIG6, because it can prevent both the activation of kinase 
domains and downstream signalling by activated kinase domains. 

Our results demonstrate that MIG6 uses a double-headed mech- 
anism for inhibiting EGFR, with the blockage of the asymmetric 
cyclin/CDK-like dimer being a particularly interesting aspect of the 
inhibition (Fig. 4c). This mechanism provides direct confirmation of 
the critical role of the asymmetric kinase domain dimer in the activa- 
tion of EGFR family receptors. In addition, our results suggest an 
approach for the development of a new class of inhibitors that act by 
binding to the cyclin-like face of the C lobe of the kinase domains of 
this family. This region is not conserved in other protein kinases, and 
so such inhibitors may enable the development of cancer therapies 
with a high degree of specificity towards EGFR family members. 


METHODS SUMMARY 


The wild-type and mutant forms of the EGFR kinase domain were expressed and 
purified as described before’. The 60-residue MIG6 peptide was expressed in 
bacteria as a glutathione S-transferase (GST)-fusion protein, purified and treated 
with the TEV protease to remove the GST-moiety. The wild-type and Y358A 
mutant MIG6(segments 1-2) peptides were fused to a Trp ALE leader peptide 
and expressed as inclusion bodies and purified as described’. All other MIG6 
peptides were produced using solid phase synthesis. The EGFR kinase domains 
(wild-type and the K799E mutant) were co-crystallized with the 60-residue, 25- 
residue and 40-residue MIG6 peptides and the structures were solved by molecu- 
lar replacement using a structure of the EGFR kinase domain adopting the Src/ 
CDk-like inactive conformation (PDB entry: 2GS7) as the search model. The 
binding affinities between the kinase domain and fluorescein-labelled MIG6 
peptides were measured by monitoring the change of fluorescence anisotropy 
during the titration and fitting the data to a single-site binding model. Kinase 
assays in solution and on vesicle were performed as described before’. Cell-based 
inhibition assays were performed using Cos-7 cells co-transfected with con- 
structs containing full-length EGFR and MIG6. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Peptide preparation. All the MIG6 peptides used in this study are listed in 
Supplementary Table 1. The 60-residue peptide was expressed as a GST-fusion 
in Escherichia coli BL21 (DE3) by using pGEX6p1 (Amersham) (BamHI/Xhol) 
and purified using a glutathione Sepharose column. The protein was treated with 
the PreScission protease to release the MIG6 peptide, which was further purified 
using a Hitrap SP column (Amersham). The longer peptides (336-412 and 336— 
412(Y358A)) were cloned as Trp ALE fusions and expressed as inclusion bodies 
as described previously”'. To prevent cleavage of the MIG6 peptides by sub- 
sequent cyanogen bromide treatment the single methionine in these peptides 
(M346) was mutated to leucine. This mutation does not affect the binding to the 
EGER kinase domain significantly (Supplementary Fig. 4). The fusion proteins 
were cleaved with cyanogen bromide and the released MIG6 peptides were 
purified. All other MIG6 peptides were synthesized using solid-phase peptide 
synthesis using the Fmoc strategy with Wang resin on a Protein Technologies 
PS3 synthesizer. The peptide identities were confirmed by mass spectrometry. 
Structure determination. The EGFR kinase domain constructs used are ident- 
ical to those used previously’, except for the K799E mutant, which includes six 
fewer residues at the N terminus (spanning residues 678-998 of EGFR), and 
proteins were purified as described’. The wild-type kinase domain was first 
co-crystallized with the 60-residue MIG6 peptide and the structure was deter- 
mined at 3.5A resolution. This revealed that a ~25-residue segment of the 
peptide is bound to the distal surface of the Clobe of the EGFR kinase domain 
and that the rest of the peptide is disordered (Supplementary Fig. la). A 25- 
residue peptide (residues 340-364 in MIG6) was designed on the basis of the 
initial structure and co-crystallized with both the wild-type and a mutant 
(K799E) form of the EGFR kinase domain. The K799E mutation does not affect 
the conformation of the kinase domain or its interaction with MIG6(segment 1) 
(Supplementary Fig. 5), but crystals of this mutant kinase domain in complex 
with the peptide diffracted X-rays to higher resolution. The structure shows that 
this 25-residue peptide lacks the N-terminal part of the kinase binding epitope 
(Supplementary Fig. 1b). This peptide was then extended to include residues 
325-364 in MIG6 (the 40-residue peptide) and co-crystallized with the 
EGEFR(K799E) kinase domain. The structure of this peptide-kinase domain 
complex was determined at 2.9 A. There are four kinase domains in the asym- 
metric unit, all of which adopt the same conformation. Two of the four kinase 
domains are bound to the MIG6 peptide, and the MIG6 binding surfaces of the 
other two are occupied by crystal contacts. Crystallization conditions, data 


nature 


collection and structural refinement statistics are summarized in 
Supplementary Table 2. 

Binding assays. Fluorescein-labelled 30-residue wild-type, M346L, M346A, 
F352A and Y358A MIG6 peptides were diluted to final concentrations of 5, 8, 
3.1, 3.5 and 2.7 .M in a buffer containing 10 mM Tris, 50 mM NaCl and 2mM 
DTT, pH7.5. These peptides in the cuvette were then titrated with the wild-type 
or mutant forms of the EGFR kinase domain at 20°C. For the competition 
assays, the labelled 30-mer wild-type peptide (5 14M) and kinase domain (60 
uM) were mixed and titrated with unlabelled competitor peptides. The fluor- 
escence anisotropy at each titration step was monitored. The 1682Q and K799E 
mutant kinases used in the binding assays contain the N-terminal 6 X His tag and 
linker fragment before the kinase domain, whereas this N-terminal fragment in 
the wild-type and V924R mutant kinases was removed by Tobacco Etch Virus 
protease treatment. 

Kinase assays. The assays were conducted as described previously’. The sub- 
strate peptide was kept at 1 mM in all the experiments. The reported rates are the 
initial velocities normalized by the kinase concentrations. The wild-type kinase 
concentrations in the vesicle-based and solution-based assays were 3.5 and 
14M respectively. Preliminary experiments showed that peptide 336-412 
(MIG6(segments 1—2) inhibited the L834R mutant kinase much more strongly 
and also caused precipitation when both the kinase and the peptide were at high 
concentrations. We therefore reduced the concentration of L834R in the assays 
to 200 nM. The higher intrinsic activity of this mutant and usage of MnCl, at 
10 mM instead of MgCl, allowed us to measure kinase activity at such a low 
kinase concentration”. 

Cell-based assays. Cos-7 cells were co-transfected using Fugene 6 (Roche) with 
the DNA encoding the N-terminal Flag-tagged EGFR in pcDNA3.1 constructs 
(as used before*) and the wild-type or mutants of the MIG6 genes with a 
C-terminal Myc tag (also in pcDNA3.1). Cells were cultured for 36 h after trans- 
fection and serum-starved for 12 h. Cells were treated with EGF (50 ng ml ') for 
~5 min at 37 °C, lysed and subjected to western blot analyses. The levels of total 
EGER, EGFR autophosphorylation and MIG6 were probed using the anti-EGFR 
antibody SC03 (Santa Cruz), anti-phosphotyrosine antibody 4G10 (Upstate) 
and an anti-Myc antibody (Cell Signaling), respectively. 


22. Wedegaertner, P. B. & Gill, G. N. Activation of the purified protein tyrosine kinase 
domain of the epidermal growth factor receptor. J. Biol. Chem. 264, 11346-11353 
(1989). 
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The centromere geometry essential for keeping 
mitosis error free is controlled by spindle forces 


Jadranka Lonéarek'*, Olga Kisurina-Evgenieva'*+, Tatiana Vinogradova’, Polla Hergert', Sabrina La Terra’”, 


Tarun M. Kapoor® & Alexey Khodjakov’”” 


Accurate segregation of chromosomes, essential for the stability of 
the genome, depends on ‘bi-orientation’—simultaneous attach- 
ment of each individual chromosome to both poles of the mitotic 
spindle’. On bi-oriented chromosomes, kinetochores (macromo- 
lecular complexes that attach the chromosome to the spindle) 
reside on the opposite sides of the chromosome’s centromere’. 
In contrast, sister kinetochores shift towards one side of the cen- 
tromere on ‘syntelic’ chromosomes that erroneously attach to one 
spindle pole with both sister kinetochores. Syntelic attachments 
often arise during spindle assembly and must be corrected to pre- 
vent chromosome loss’. It is assumed that restoration of proper 
centromere architecture occurs automatically owing to elastic 
properties of the centromere’. Here we test this assumption by 
combining laser microsurgery and chemical biology assays in cul- 
tured mammalian cells. We find that kinetochores of syntelic 
chromosomes remain juxtaposed on detachment from spindle 
microtubules. These findings reveal that correction of syntelic 
attachments involves an extra step that has previously been over- 
looked: external forces must be applied to move sister kineto- 
chores to the opposite sides of the centromere. Furthermore, we 
demonstrate that the shape of the centromere is important for 
spindle assembly, because bipolar spindles do not form in cells 
lacking centrosomes when multiple chromosomes with juxta- 
posed kinetochores are present. Thus, proper architecture of the 
centromere makes an important contribution to achieving high 
fidelity of chromosome segregation. 

Kinetochores on bi-oriented chromosomes are positioned on 
the opposite sides of the centromere’. However, during mitotic 
spindle formation both sister kinetochores sometimes attach to 
the same spindle pole, becoming ‘syntelic’. Under this condition, 
microtubule-dependent forces shift sister kinetochores to the same 
side of the centromere. Because syntelic attachment would lead 
to aneuploidy, this configuration is not stable*”. Kinetochore fibres 
(K-fibres) on syntelic chromosomes depolymerize so that the chro- 
mosome moves to the spindle pole where at least one of the two 
kinetochores detaches from microtubules**. Detached kinetochores 
can then connect to microtubules from the opposite spindle pole to 
achieve proper bi-orientation. However, for this mechanism to work 
properly the shape of the centromere must be restored such that sister 
kinetochores return to opposite sides of the centromere. It is gen- 
erally assumed that this occurs automatically owing to elasticity of 
chromatin®’®. However, this assumption has not been tested. 

Mammalian cells treated with monastrol, a small-molecule inhi- 
bitor of the molecular motor Eg5 (kinesin-5), arrest in mitosis with 
monopolar spindles'’. Up to 70% of chromosomes in these cells are 
syntelic'’’*. We reasoned that if restoration of proper centromere 


architecture occurs automatically then kinetochores on syntelic 
chromosomes should spring back to the opposite sides of the cen- 
tromere if microtubules are rapidly depolymerized. However, kine- 
tochores will remain juxtaposed under these conditions if their 
repositioning on the centromere requires microtubule-based forces 
(Fig. la). 

We treated PtK, (female rat kangaroo kidney epithelial) cells that 
constitutively express a y-tubulin-green fluorescent protein (GFP)’* 
with 100 1M monastrol for 30-60 min. Mitotic cells with monopolar 
spindles were visualized by differential-interference contrast (DIC) 
microscopy and followed for 10-15 min (1 image every 30-60s). 
Then, in addition to monastrol, the cells were treated with 5 uM 


a Plastic 


Stee 
x i oY ‘% centromere 
vy 
7\ ~N a 4 Elastic 
Vr centromere 


100 iM monastrol 
30-60 min 


100 uM monastrol + 
5 uM nocodazole 
30-40 min 


Figure 1| Juxtaposed sister kinetochores on syntelic chromosomes do not 
return to opposite sides of the centromere in the absence of microtubules. 
a, A schematic representation of the experiment. Cells treated with 
monastrol form monopolar spindles with a high incidence of syntelic 
chromosomes; both sister kinetochores (red) on these chromosomes are 
positioned side-by-side and connected to the centrosomes (light brown) by 
microtubule bundles (green). If microtubules are depolymerized in 
monastrol-treated cells, kinetochores should remain juxtaposed if the 
chromosome’s centromere is malleable (or plastic) (top diagram) or return 
to the opposite sides if the centromere is spring-like (that is, elastic) (bottom 
diagram). b, Surface-rendered serial-section chromosome reconstruction 
from a cell assayed as described in a. Despite complete lack of microtubules, 
both sister kinetochores (arrows) remain juxtaposed (electron microscopy 
sections are presented in Supplementary Fig. 1). 
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nocodazole, which completely depolymerizes microtubules in 
mitotic cells in ~3min (Supplementary Fig. 1). The cells were 
imaged for another 30-45 min and then fixed for electron micro- 
scopy. This approach ensured that electron microscopy analyses were 
conducted on cells exposed to nocodazole only after they had formed 
monopolar spindles and accumulated syntelic chromosomes in the 
presence of monastrol. 

Serial-section electron microscopy reconstructions revealed that 
sister kinetochores on many chromosomes resided on the same side 
of the centromere (Fig. 1b, and Supplementary Fig. 2). The frequency 
of chromosomes with juxtaposed kinetochores was estimated via 
three-dimensional fluorescence microscopy (Fig. 2). Visual inspec- 
tion revealed that sister kinetochores were positioned on the same 
side of the centromere (within an ~90° segment) on ~50% of chro- 
mosomes in cells with monopolar spindles. This frequency did not 
change in cells that were additionally treated with nocodazole, sug- 
gesting that once displaced to the same side of the centromere (owing 
to syntelic attachment), kinetochores do not return to the opposite 
sides of the centromere on microtubule depolymerization. Further, 
the average distance between sister kinetochores measured in three- 
dimensional fluorescence light microscopy revealed that sister kine- 
tochores resided closer to one another in monopolar spindles than in 
prophase cells and this distance did not change on microtubule 
depolymerization (Fig. 2). Thus, restoration of proper centromere 
organization during correction of syntelic attachments is not 
achieved through elastic recoil, but requires external forces. 

Forces responsible for straightening the sister-kinetochore— 
centromere axis can be generated when one kinetochore on a for- 
merly syntelic chromosome captures astral microtubules from one 
spindle pole while its sister connects to the other pole. The formation 
of astral microtubules depends on centrosomes. Therefore, we tested 
if correction of syntelic attachments occurs in the absence of centro- 
somes by ablating these organelles with a laser microbeam'*’” 
(N= 12). Astral microtubules disappear in 3-5 min after centrosome 
ablation’*. On monastrol washout in cells without microtubule 


C-mitosis from 


Late prophase prophase 


ESE 
b 

J 

O J 


K-K distance 1.20 + 0.22 1.07 + 0.12 
(um) 

Range 0.81-1.83 0.75-1.41 
Percentage 

of juxtaposed <10% ~10% 


kinetochores 


Figure 2 | Frequencies of chromosomes with juxtaposed sister 
kinetochores observed under different experimental conditions. 

a, Maximal-intensity projection spanning the entire volume of the cell; and 
b, individual chromosomes from cells shown in a presented at 2X additional 
magnification. During prophase, sister kinetochores in untreated cells are 
positioned on the opposite sides of the centromere and separated by 

~1.2 um. When microtubules are depolymerized during prophase— 
prometaphase, sister kinetochores on most chromosomes remain opposed, 
although occasionally they can be seen on the same side of the centromere 
(chromosomes marked O or J, respectively). In cells with monopolar 
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asters, chromosomes remained disorganized, moving intermittently 
in random directions for ~1h (Fig. 3a). Immunofluorescence ana- 
lyses (N= 20) revealed a highly disorganized microtubule pattern 
(Fig. 3b). Prominent bundles of microtubules (K-fibres) emanated 
from the chromosomes and converged on numerous small foci 
(5-10 foci per cell). These foci were not y-tubulin-positive but con- 
tained highly concentrated NuMA—a large protein responsible for 
spindle pole focusing'’. Despite the lack of an organized mitotic 
spindle, ~1 h after centrosome ablation and monastrol washout, sister 
chromatids separated and exhibited short directed movements resem- 
bling anaphase motion. The extent of these movements was limited to 
2-3 um along different directions. Asa result, chromatids remained in 
a single group and ultimately reconstituted a single nucleus. 

Serial-section electron microscopy analyses of four acentrosomal 
cells fixed 1h after monastrol washout revealed that sister kineto- 
chores often remained on the same side of the centromere. K-fibres 
attached to these kinetochores were oriented parallel to each other 
(Figs 3d, and Supplementary Fig. 3). All kinetochores, whether jux- 
taposed or properly positioned, were associated with prominent 
K-fibres. Thus, in the absence of centrosomes, restoration of proper 
centromere organization and spindle bipolarization are impeded. In 
sharp contrast, monastrol-induced monopolar spindles consistently 
bipolarize in cells with centrosomes in ~1 h*’’. 

Kinetochores can attach to spindle microtubules either by captur- 
ing centrosome-generated astral microtubules’’ or by developing 
their own K-fibres'”’*"’. In the latter case, K-fibres formed by juxta- 
posed sister kinetochores would be oriented parallel to one another, 
whereas K-fibres formed by sister kinetochores on a properly 
organized centromere extend in opposite directions. Thus, the 
shape of the centromere can be a major factor in spindle formation: 
proper centromere organization should promote bipolarity, whereas 
juxtaposed sister kinetochores should impede it. The effects of cen- 
tromere architecture on spindle formation should be particularly 
prominent in the absence of centrosomes, when changes in the shape 
of centromeres induced by syntelic attachments cannot be restored. 


C-mitosis from 


Monopolar mitosis monopolar spindle 


5 um 


J mye 
0.88 + 0.19 0.86 + 0.19 
0.43-1.23 0.47-1.43 
~50% ~50% 


spindles, at least 50% of kinetochores are on the same side of the centromere 
(juxtaposed). This change in the organization of the centromere is reflected 
by the decrease in the average distance between sister kinetochores (the 
‘C-mitosis’ and ‘monopolar mitosis’ populations are different, 

with > 99.99% confidence by the two-tailed Student’s t-test). The 
percentage of chromosomes and average sister kinetochore separation does 
not change when microtubules in cells with monopolar spindles are 
depolymerized with 5 1M nocodazole. Centrosomes, green 
(y-tubulin—GFP); kinetochores, red (CREST); DNA, blue (Hoechst 33343). 
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To test this idea, we examined whether a functional bipolar spindle 
can form via acentrosomal pathways in cells with multiple juxtaposed 
sister kinetochores. We treated PtK, cells with monastrol to accu- 
mulate syntelic chromosomes, then ablated both centrosomes and 
depolymerized microtubules with nocodazole'*’*. Nine of twelve 
cells failed to assemble a bipolar mitotic spindle when both drugs 
were washed out (Fig. 4a, Table 1). In contrast, if centrosomes were 
ablated during prophase and cells were treated with monastrol and 
nocodazole before nuclear envelope breakdown (when the vast 
majority of sister kinetochores are on opposite sides of the centro- 
mere, Fig. 2), they formed a functional spindle on drug washout 
(Fig. 4b, Table 1). For these two types of experiments cells were 
treated with the same combination of drugs. Nevertheless, the results 
were dramatically different, indicating that the effect was specific 
to the difference in the architecture of centromeres. Furthermore, 
centrosomal cells consistently formed a bipolar spindle after con- 
secutive treatment with monastrol and nocodazole, indicating that 


Microtubules 


Centrosome ablation 


100 uM monastrol and monastrol washout 


Figure 3 | Monopolar spindles do not bipolarize and sister kinetochores 
remain juxtaposed on monastrol washout in the absence of centrosomes. 
a, Both centrosomes in a monastrol-induced monopolar mitosis were 
ablated (arrows in —15 min and —14 min frames), then monastrol was 
washed out and the cell followed by time-lapse DIC microscopy. The cell did 
not organize a bipolar spindle for more than an hour, at which point 
cohesion between sister chromatids was lost (1 h 14 min) and the cell exited 
mitosis. Although individual sister chromatids attempted to move away 
from one another, the extent of their movement was not sufficient to form 
discrete chromosome groups (1 h 19 min). A single daughter cell with one 
nucleus was formed on completion of mitosis (2 h 39 min). b, Distribution of 
microtubules, chromosomes and NuMaA in acentrosomal cells shortly before 
anaphase onset (45-60 min after monastrol washout). Prominent bundles of 
microtubules (K-fibres) were associated with all chromosomes. These 
K-fibres were not organized in a bipolar spindle but converged on multiple 
small centres that contained elevated amounts of the spindle-pole protein 
NuMaA. All images are maximal-intensity projections through the entire cell. 
c, Schematic representation of the spindle reorganization that occurs in 
monastrol-induced monopolar mitoses after ablation of the centrosome and 
monastrol washout. d, Surface-rendered model of a centromere from a cell 
fixed 60 min after monastrol washout. Sister kinetochores remained 
juxtaposed and attached to prominent microtubule bundles, which 
terminated inside the kinetochore (original electron microscopy data are 
presented in Supplementary Fig. 2). 
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restoration of properly shaped centromeres allows chromosomes to 
achieve bipolarization (Supplementary Fig. 4, Table 1). 

Although cells with properly organized centromeres were able to 
form functional mitotic spindles in the absence of centrosomes, 
many of these cells contained syntelic chromosomes at anaphase 
onset (Fig. 4b, Table 1). Syntelic chromosomes were also consistently 
present at anaphase onset if cells were treated with nocodazole alone, 


Figure 4 | Proper organization of the centromere is required for successful 
spindle formation in the absence of centrosomes. a, This PtK, cell was pre- 
treated with monastrol for 30 min. Both centrosomes were ablated (arrows 
in —35 min and —34 min), after which point the cell was treated with 5 tM 
nocodazole in addition to monastrol. Thirty minutes after addition of 
nocodazole, both drugs were washed out. Time-lapse DIC microscopy 
revealed that chromosomes remained disorganized in the cytoplasm 
experiencing short erratic movements for approximately 45 min. Then 
cohesion between sister chromatids was lost (43 min and 45 min). Although 
the cell attempted to undergo cytokinesis, furrowing activity was 
disorganized (53 min—1h 9 min) and all furrows ultimately failed so that 
mitosis resulted in a single daughter cell with a complexly shaped nucleus 
(arrow in 1h53 min). b, Mitosis in a cell where both centrosomes were 
ablated during late-G2-early-prophase (arrows in —51 min and —50 min). 
Then, during late prophase, the cell was treated with 5 1M nocodazole and 
100 uM monastrol (—28 min-0 min). The cell entered mitosis 10 min after 
addition of the drugs (— 18 min) and chromosomes become scattered in the 
cytoplasm. On washout of the drugs (0 min), the cell assembled a bipolar 
mitotic spindle (13 min—34 min) and successfully divided into two daughter 
cells (37 min—1 h 14 min). However, notice that anaphase was initiated in the 
presence of two syntelic chromosomes (arrows in 13 min and 34 min). 
Shown are maximal-intensity projections of three-dimensional GFP 
fluorescence data sets and selected frames from the DIC time-lapse 
recording. 
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Table 1| Frequency of successful mitotic spindle formation in centrosomal and acentrosomal cells on different experimental conditions (see text for 


details). 


Experimental conditions 


Functional spindle (%) 


Centrosome ablation before nuclear envelope breakdown 

Nocodazole ->C-mitosis—centrosome ablation—drug washout 
onastrol—monopolar spindle—drug washout 

Monastrol—>monopolar spindle—nocodazole-—>C-mitosis—drug washout 
onastrol—>monopolar spindle—centrosome ablation—drug washout 


Monastrol—>monopolar spindle—>centrosome ablation—>nocodazole—C-mitosis drug washout 
Centrosome ablation (in G2)->monastrol + nocodazole (added before nuclear envelope breakdown) —>C-mitosis—drug washout 


>90* 

90 (9/10)+ 
>90t 
100 (10/10) 
0 (0/12) 
25 (3/12) 
90 (8/9)8 


Previously published data”. 
Six of these cells contained one or more syntelic chromosomes at anaphase onset. 
Previously published data". 


Wet ob 


then the centrosomes were ablated and nocodazole washed out 
(Supplementary Fig. 5, Table 1). These observations are consistent 
with our hypothesis that correction of syntelic attachments is 
impeded in the absence of astral microtubules. 

Intriguingly, the presence of multiple syntelic chromosomes did 
not prevent mitotic exit. It is unlikely that the centromere is under 
tension when sister kinetochores are juxtaposed because the distance 
between them does not change on loss of microtubule attachments. 
These observations support the notion that, in contrast to lower 
eukaryotes*””’, the spindle assembly checkpoint in mammals is sat- 
isfied in the absence of tension as long as all kinetochores are attached 
to microtubules*!*. Consistent with this hypothesis, immuno- 
fluorescence analyses demonstrated that the checkpoint protein 
Mad2 was present on multiple kinetochores in acentrosomal cells 
soon after monastrol washout, but gradually disappeared before 
the cells exited mitosis, in spite of insufficient sister kinetochore 
separation (Supplementary Fig. 6). 

Intuitively, it seems that flexible centromeres would be dis- 
advantageous to the cell. However, this feature can be important 
for promoting chromosome congression. Most mono-oriented 
chromosomes congress to the spindle equator within minutes, after 
nuclear envelope breakdown. However, sometimes mono-oriented 
chromosomes are seen to remain in the vicinity of the pole for up to 
several hours**”. Electron microscopy analyses demonstrated that 
these persistently mono-oriented chromosomes are ‘monotelic— 
they are attached to the proximal spindle pole with one kinetochore, 
whereas the second kinetochore is positioned on the opposite side of 
the centromere’”®. In this configuration, the chances of the unat- 
tached kinetochore encountering microtubules coming from the dis- 
tal pole are negligible. In contrast, mono-oriented chromosomes 
with juxtaposed sister kinetochores can efficiently congress to the 
spindle equator by sliding on K-fibres of other already-bi-oriented 
chromosomes”. During this type of congression the leading kineto- 
chore is oriented towards the distal spindle pole, maximizing its 
chances to capture an astral microtubule and become attached. In 
this respect, syntelic chromosome attachments may serve as an effi- 
cient intermediate step towards bi-orientation. 

Achieving chromosome bi-orientation depends on a complex 
interplay between mechanisms intrinsic to the centromere and those 
that act externally. The former include aurora-kinase/kinesin-13- 
mediated destabilization of K-fibres and release of erroneously 
attached chromosomes**. Activation of these mechanisms is a neces- 
sary first step in the correction of chromosome mis-orientation. 
However, we demonstrate here that in the absence of external forces 
needed to restore centromere architecture, centromere-intrinsic 
mechanisms are not sufficient. Our findings imply that mechanical 
properties and the shape of the centromere play an important part in 
the fidelity of chromosome segregation. 


METHODS SUMMARY 


Detailed layout of our laser microscopy workstation has been described 
elsewhere**. In brief, 8-ns pulses of 532-nm light from Nd:YAG laser (Diva II) 
were focused with the same 100X 1.4 PlanApo objective lens that was used for 
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Five of these cells contained one or more syntelic chromosomes at anaphase onset. Two of these spindles were tripolar and the other six were bipolar. 


observations. It takes ~10-20 pulses to completely destroy the centrosome in 
PtK cells during mitosis. Fluorescence images presented in the manuscript are 
maximal-intensity projections of complete Z-series through the cell. DIC images 
are single Z-planes. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Live-cell microscopy and laser ablations. PtKG-23 (a clone of PtK;, line, con- 
stitutively expressing ‘y-tubulin/GFP’’) and PtKaT (a clone of PtK, line, consti- 
tutively expressing «-tubulin/GFP'*) cells were maintained in Ham’s F12 
medium (Invitrogen) supplemented with 10% fetal calf serum at 37°C, 5% 
CO). For laser microsurgery, cells grown on 24mm X 24mm coverslips were 
mounted in Rose chambers. Temperature of the chambers on the microscope 
stage was maintained between 35 and 37°C by a custom-built electronically 
controlled stage-heater 

Monastrol, synthesized as described earlier’, was kept as 100-mM stock in 
DMSO and used at 100 WM. nocodazole (Sigma) was kept as 10 mM stock in 
DMSO and used at 5M. For drug washout, the top coverslip of the Rose 
chamber was removed and cells (on the bottom coverslip) were washed with 
5-7 changes of full growth medium. To unambiguously identify the cell of 
interest, its position was marked using a diamond objective-scribe (Zeiss). 

Laser ablation of centrosomes was performed as described elsewhere'*”°. Note 

that, after laser ablation and drug-washout, time-lapse sequences were recorded 
not on the laser-microsurgery microscope but on a different similarly equipped 
Nikon Eclipse TE2000 or TE300 microscope. This was necessary to make the 
laser-microsurgery workstation available for other experiments during rather 
lengthy periods of time-lapse recordings. Time-lapse image sequences were 
recorded at 30-s or 60-s intervals. 
Immunofluorescence. For microtubule and NuMA staining, cells were fixed 
with 1% glutaraldehyde in PEM buffer (100 mM PIPES, 3mM MgCl, 5 mM 
EGTA, pH6.9), permeabilized with 1% Triton X-100, and reduced with 
Imgml ' NaBH,. All reagents were purchased from Sigma. For CREST and 
Mad? staining, cells were fixed with 3.8% paraformaldehyde in PBS, and then 
permeabilized and reduced, exactly as for microtubule/NuMA staining. The 
following primary antibodies were used: mouse anti-o-tubulin (cloneDM1o, 
Sigma-Aldrich); rabbit anti-NuMA (gift of D. Compton); human serum 
CREST SH (gift of B. Brinkley); and rabbit anti-Mad2 (BAbCO). 

Fluorescence images were recorded with a 60 1.4 numerical aperture 
PlanApo lens as Z-series at 200-nm steps (detailed in ref. 30). They were decon- 
volved using SoftWorx deconvolution software (Applied Precision) and pre- 
sented as maximal intensity projections. Inter-kinetochore distances were 
measured in three-dimensional deconvolved data sets using SoftWorx. 
Electron microscopy. Serial-section electron microscopy analysis was con- 
ducted, and surface-rendered three-dimensional models constructed, as 
described in ref. 31. 
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How kinesin waits between steps 


Teppei Mori’, Ronald D. Vale? & Michio Tomishige’* 


Kinesin-1 (conventional kinesin) is a dimeric motor protein that 
carries cellular cargoes along microtubules'” by hydrolysing ATP* 
and moving processively in 8-nm steps*. The mechanism of pro- 
cessive motility involves the hand-over-hand motion of the two 
motor domains (‘heads’)*”’, a process driven by a conformational 
change in the neck-linker domain of kinesin*”. However, the 
‘waiting conformation’ of kinesin between steps remains contro- 
versial'*"'°—some models propose that kinesin adopts a one-head- 
bound intermediate'’', whereas others suggest that both the 
kinesin heads are bound to adjacent tubulin subunits’””’. 
Addressing this question has proved challenging, in part because 
of a lack of tools to measure structural states of the kinesin dimer 
as it moves along a microtubule. Here we develop two different 
single-molecule fluorescence resonance energy transfer (smFRET) 
sensors to detect whether kinesin is bound to its microtubule track 
by one or two heads. Our FRET results indicate that, while moving 
in the presence of saturating ATP, kinesin spends most of its time 
bound to the microtubule with both heads. However, when nuc- 
leotide binding becomes rate-limiting at low ATP concentrations, 
kinesin waits for ATP in a one-head-bound state and makes brief 
transitions to a two-head-bound intermediate as it walks along the 
microtubule. On the basis of these results, we suggest a model for 
how transitions in the ATPase cycle position the two kinesin heads 
and drive their hand-over-hand motion. 

The first FRET sensor for distinguishing one-head-bound from 
two-head-bound states is a kinesin heterodimer in which one 
polypeptide chain contains a single cysteine residue in the plus- 
end-oriented tip of the catalytic core (residue 215), and the other 
chain contains a single cysteine residue in the minus-end-oriented 
base of the core (residue 43) (sensor termed 215-43; Fig. 1a). The 
second sensor is a kinesin homodimer in which a cysteine residue was 
introduced in both chains at the beginning of the neck linker (residue 
324) (sensor termed 324-324). 

To test our FRET sensors, we first examined the FRET efficiency in 
a kinesin dimer bound statically to a microtubule with the non- 
hydrolysable nucleotide analogue AMP-PNP, a nucleotide state in 
which both kinesin heads are bound to the microtubule'®!7”'”’, 
Maleimide-modified Cy3 (donor dye) and Cy5 (acceptor dye) were 
reacted with the two cysteine residues in these FRET constructs, and 
single kinesin molecules that contained both Cy3 and Cy5 were 
selected for smFRET observations with total-internal-reflection 
fluorescence microscopy’*. SmFRET efficiencies for the 215-43 
sensor from individual microtubule-bound heterodimers showed a 
bimodal distribution of low (about 10%) and high (about 90%) 
FRET efficiencies (Fig. 1b), as expected if the two kinesin heads are 
bound to adjacent tubulin subunits 8 nm apart along a microtubule 
protofilament (Fig. la and Supplementary Figs 1 and 2). Our pre- 
vious FRET measurements with the 215—43 sensor (Fig. 2e in ref. 12) 
indicated that the high-FRET peak (about 90%) corresponds to the 
43 dye on the leading head and the 215 dye on the trailing head and 
the low-FRET peak (about 10%) corresponds to the opposite dye 
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Figure 1| SmFRET observations of head-head configuration of kinesin 
under various nucleotide conditions. a, Diagrams of the two-head-bound 
intermediate state of the kinesin dimer on the microtubule. Positions of 
cysteine residues for dye labelling are shown in red. The neck linker, neck 
coiled-coil and bound nucleotide are shown in green, blue and cyan 
respectively. b, Histograms of FRET efficiencies (from each frame of images) 
of dye-labelled kinesin bound to the axonemes with 1 mM AMP-PNP (ATP- 
like state), 200 nM ADP, 200nM ADP/10 mM P; or 50 U ml! apyrase 
(nucleotide-free state). The numbers of molecules analysed are shown in 
parentheses. Dotted lines illustrate peaks characteristic of putative two- 
head-bound (red) and one-head-bound (green) states. The correlation of 
FRET efficiencies with distance measurements is discussed in 
Supplementary Fig. 1. c, Examples of a FRET efficiency (Egger) trace of 
individual axoneme-bound 215-43 heterodimer kinesin. ADP and ADP/P; 
traces occasionally showed abrupt and large FRET changes (see 
Supplementary Fig. 4 for additional traces). 
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positioning. The unimodal smFRET distribution centred at about 
35% for the 324-324 sensor (Fig. 1b) also is consistent with a two- 
head-bound state. Binding of the two kinesin heads along a single 
protofilament (as opposed to sideways across protofilaments) is sup- 
ported by additional FRET experiments with a 149-324 sensor 
(Supplementary Fig. 2). 

We next examined smFRET under different nucleotide conditions. 
With ADP occupying the active site, kinesin is in a weak microtubule- 
binding state*'*”'; however, at low ADP concentrations (200 nM) 
single kinesin dimers remained bound to microtubules for more than 
10s. The FRET histograms at 200 nM ADP clearly differed from those 
described above for AMP-PNP (Fig. 1b), becoming unimodal and 
centred at about 30% for the 215-43 sensor and shifting from 35% 
(AMP-PNP) to 60% for the 324-324 sensor. The result from the 
324-324 sensor suggests that the two kinesin heads come closer 
together. As verified in the experiments described below, these 
FRET distributions with ADP reflect a one-head-bound state. We 
next added excess inorganic phosphate (10mM P;) to 200nM 
ADP, which probably results in partial occupancy of an ADP-P; state 
in the tethered head”. Under this condition, FRET peaks characte- 
ristic of a two-head-bound state appeared (Fig. 1b). Similar results 
were obtained after the addition of 1mM AIF, to 1mM ADP 
(Supplementary Fig. 3). These results suggest that the addition of 
P; or AIF, to ADP-kinesin shifts the equilibrium from a one- 
head-bound state to a two-head-bound state, as described pre- 
viously”. When both kinesin heads are nucleotide-free (50 U ml! 
apyrase; see Methods), the FRET distributions for the 215-43 and 
324-324 sensors were generally similar to that observed with AMP- 
PNP, but with broader distributions (Fig. 1b), suggesting that 
nucleotide-free kinesin primarily adopts a two-head-bound state 
(see also ref. 22) with partial occupancy of a one-head-bound state. 
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Interestingly, whereas the FRET signal of the 215-43 sensor in the 
presence of 1mM AMP-PNP was fairly constant, a subset of mole- 
cules (about 25%) with ADP or ADP/P; (Fig. 1c and Supplementary 
Fig. 4), or under nucleotide-free conditions (not shown) underwent 
abrupt FRET transitions (from about 30% to either 90% or 10% 
FRET), which most probably represent unbinding and rebinding 
events of one of the kinesin heads with the microtubule. 

The results from our ADP FRET experiments suggest that kinesin 
can adopt a one-head-bound state on the microtubule. To obtain 
additional evidence for this hypothesis, we engineered a kinesin het- 
erodimer in which only one head could bind to microtubules under 
all nucleotide conditions (mutation Y274A/R278A/K281A in loop 
12, termed ‘L12-triple’)***°. We made two different versions of this 
heterodimer. SmFRET measurements with a heterodimer containing 
a 215-labelled dye in the wild-type (WT) polypeptide and a 43- 
labelled dye in the L12-triple polypeptide, namely 215(WT)- 
43(L12), produced a unimodal distribution centred at about 30% 
FRET efficiency with 200 nM ADP (Fig. 2a). Another heterodimer in 
which the dye positions were reversed in the wild-type and L12-triple 
chains, namely 215(L12)-43(WT), also showed similar FRET 
efficiency, indicating that the distances between 43-labelled and 
215-labelled dyes are similar in these two configurations. A similar 
result was obtained in the nucleotide-free state (Fig. 2a), in contrast 
with the bimodal FRET distribution in wild-type kinesin dimer after 
nucleotide depletion (Fig. 1b). These results further support the 
interpretation that a 30% FRET signal of the 215-43 sensor in the 
presence of ADP is diagnostic of a one-head-bound state. 

The FRET histogram for the WT/L12-triple heterodimer changed 
markedly after the addition of AMP-PNP. For the 215(WT)-43(L12) 
heterodimer, the histogram became bimodal with the primary peak 
now emerging at 80% FRET efficiency; for the 215(L12)-43(WT) 
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Figure 2 | SmFRET observations of mutant heterodimeric kinesin that 
persistently takes one-head-bound state. a, Histograms of FRET 
efficiencies of axoneme-bound WT/L12-triple heterodimer kinesin (the L12- 
triple mutant (yellow spheres in c) cannot bind microtubules”). The 215 and 
43 cysteine residues were introduced into wild-type and L12-triple heads, 
respectively (left) or into L12-triple and wild-type heads, respectively (right). 
Dotted lines are adopted from Fig. 1b. b, FRET histograms with 215/342 dyes 
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on the wild-type chain (L12-triple chain is cysteine-light)'* to probe neck- 
linker conformations in the bound head. The FRET efficiency peaks in the 
ADP/apyrase and AMP-PNP states are similar to those observed for the 
wild-type kinesin dimer with AMP-PNP (backward-extending and forward- 
extending (docked) neck linkers, respectively; Supplementary Fig. 8). 

c, Proposed model for the nucleotide-dependent configurations of the 
WT/L12-triple heterodimer, based on the FRET results. 
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heterodimer, the major FRET peak shifted in the opposite direction 
towards lower FRET efficiencies (Fig. 2a). These large nucleotide- 
dependent FRET changes suggest a movement of the L12-triple 
(unbound) head towards the plus-end-oriented tip (residue 215) 
of the wild-type (bound) head on binding of AMP-PNP (Fig. 2c). 
This translation of the unbound head from a rear position to a 
forward position is most probably driven by a nucleotide-dependent 
docking of the neck linker*” in the bound head (Fig. 2b), the implica- 
tions of which will be discussed later. 

We next examined the smFRET signals for dimeric kinesin moving 
processively along a microtubule. At saturating ATP concentration 
(1mM), we could measure only an average FRET efficiency of 
moving kinesin molecules, but could not accurately detect confor- 
mational transitions that might occur during kinesin stepping, 
because the stepping rate of kinesin (about 50s ') is comparable 
to the camera acquisition rate (100 frames s |). The FRET efficiency 
for the 215-43 sensor showed a broad distribution centred at about 
50% (Fig. 3a, b), a value consistent with an average of the bimodal 
10%, 90% FRET distribution observed for static two-head-bound 
kinesin with AMP-PNP (and differing from the 30% value of one- 
head-bound kinesin, Fig. 1b). The 324-324 sensor yielded a unim- 
odal FRET efficiency centred at about 30% with 1 mM ATP (Fig. 3a, 
b), which is also more similar to the distribution observed with the 
same FRET sensor with AMP-PNP than to that observed with ADP 
(Fig. 1b). Thus, the results from these two FRET sensors suggest that 
kinesin spends most of the time bound with two heads to the micro- 
tubule when moving at saturating ATP concentration (also see 
Supplementary Fig. 5), which is consistent with previously published 
fluorescence polarization measurements”. 

We next studied head—head smFRET at subsaturating ATP con- 
centration (2 UM). When compared with the 1 mM ATP histograms, 
the main FRET efficiency peak for the 215-43 sensor shifted to about 
30%, whereas the peak for the 324-324 sensor shifted to about 60% 
(Fig. 3a, b). These FRET distributions are more similar to those 
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observed with 200 nM ADP than to those observed with AMP-PNP 
(Fig. 1b). These results suggest that kinesin waits primarily as a 
one-head-bound intermediate when ATP binding becomes the 
rate-limiting step in the ATPase cycle. 

With the longer dwell times at low ATP concentration, one might 
expect to observe FRET transitions that reveal how kinesin steps 
along the microtubule. At 211M ATP, moving 215-43 dye-labelled 
kinesin molecules (1 = 33) spent most time in a roughly 30% FRET 
state (probably a one-head-bound state) with brief spikes (dwell time 
34+2ms (mean +s.e.m.)) towards higher (about 80%) FRET 
values (Fig. 3c, d, and Supplementary Figs 6 and 7). These higher 
FRET states could represent a transient two-head-bound intermedi- 
ate state (similar to the 90% FRET state observed with AMP-PNP in 
which the 215-labelled head is in the trailing position; Fig. la, b). In 
this case, transitions from 30% to a lower FRET state (similar to the 
10% FRET state with AMP-PNP) should also occur. Although such 
transitions were occasionally evident (Fig. 3c, arrowheads), the mag- 
nitude of such a FRET change is difficult to distinguish from the 
noise. However, the dwell times at the 30% FRET state (that is, the 
period between adjacent high-FRET spikes) provided additional sup- 
port for the idea that transitions to both lower-FRET and higher- 
FRET states exist. This dwell-time histogram was best fitted by a 
convolution of two exponentials’ (Fig. 3d, dotted line), suggesting 
that two rate-limiting ATP binding events occur between the two 
high-FRET spikes. Moreover, the mean dwell time derived from this 
double-exponential fit (140 + 8 ms (mean = s.e.m.)) is comparable 
to that predicted (160 ms) from the kinesin step size (8.3 nm)* and 
velocity at 2 uM ATP (51 +22nms_ n= 33). In addition, the total 
number of high FRET spikes from several single-molecule traces (272 
spikes, n = 33) divided by the distance travelled by these molecules 
(4.57 um) yielded an average travel distance of about 17 nm per high- 
FRET spike, which is close to double the kinesin step size (Fig. 3e). 
Collectively, these results suggest that a kinesin step at low ATP 
concentrations involves a short-lived, two-head-bound state (for 
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Figure 3 | Head-head configuration changes of kinesin while moving along 
microtubules. a, Examples of time traces of FRET efficiency, Egger (green; 
red dotted lines show the mean value; histogram at the right), and 
fluorophore centroid displacements (purple; black lines are a linear fit) of 
215-43 or 324-324 dye-labelled kinesin moving along axonemes in the 
presence of 1 mM or 21M ATP. b, Histograms of FRET efficiencies (each 
frame) under the two different ATP conditions. Dotted lines are adopted 
from Fig. 1b. ¢, Typical traces of fluorescence intensities of donor (Cy3, blue) 
and acceptor (Cy5, red) fluorophores, FRET efficiency and axial 
displacement, for 215—43 heterodimer kinesin at 2 1M ATP, showing 
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transitions between one-head-bound and two-head-bound states. FRET 
changes greater than 0.3 are marked by vertical magenta dotted lines, with 
transitions towards high and low FRET states indicated by arrows and 
arrowheads, respectively. d, Distributions of dwell times in the high-FRET 
state (top) and between the high-FRET spikes (arrows in c) (bottom). Solid 
and dotted lines show single-exponential and double-exponential fits’. 

e, Relationship between number of transitions towards the high-FRET state 
and the displacement per observation time; each point represents a different 
single molecule. The solid red line shows a linear fit (17.6 nm per transition). 
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example, a high-FRET spike), which then undergoes a transition to a 
longer-lived, one-head-bound state (30% FRET state). 

Whether kinesin waits as a one-head-bound or a two-head-bound 
intermediate between steps has been debated'*'®. Our smFRET 
experiments suggest that both modes of movement are possible. At 
high ATP concentration (when the detachment of the trailing head— 
triggered by ATP hydrolysis/phosphate release—is likely to be rate- 
limiting”®), kinesin moves hand-over-hand, making rapid transitions 
from one two-head-bound state to the next (Fig. 4a). However, when 
ATP binding to the lead, nucleotide-free, head becomes rate-limiting 
at low ATP concentrations (Fig. 4b), the trailing head releases its P; 
and detaches from the microtubule, producing a long-lived one- 
head-bound configuration with the neck linkers in two different 
conformational states as described previously'* (Supplementary 
Fig. 8). This latter pathway is a variation of the original model pro- 
posed by Rice et al.°°, with ATP binding to the leading head taking 
place after the transition to a one-head-bound state. Alonso et al.”! 
recently proposed that kinesin waits between steps with the detached, 
ADP-bound head in front of the bound, nucleotide-free head. 
However, our FRET experiments with the WT/L12-triple heterodi- 
mer suggest that the detached head is located rearward on average, 
shifting to a forward position on binding of ATP to the bound head 
(Fig. 2). The rear positioning of the detached head also might explain 
an apparent inconsistency in the one-head waiting-state model with 
high spatial resolution tracking experiments'*'°, which showed an 
ATP-driven roughly 17-nm step of a kinesin head’ (a distance 
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Figure 4 | A model for kinesin motility. a, At high ATP concentrations, 
hydrolysis and phosphate release leading to trailing-head dissociation is 
rate-limiting (larger arrows represent slower steps). Once released, the 
trailing head is rapidly translated forwards by ATP isomerization-induced 
neck-linker docking in the partner head (indicated by ATP*), resulting in a 
rapid 8-nm step and a new two-head-bound intermediate. b, At low ATP 
concentrations, phosphate release occurs before the leading head binds an 
ATP molecule, producing a one-head-bound state in which the detached 
head is positioned behind the bound partner head. Although this head may 
interact transiently with the rear tubulin-binding site, we postulate that the 
conformation of the neck linker in this head is not compatible with ADP 
release and strong microtubule binding. Once ATP has bound to the forward 
head, the detached head translates forwards and, after a diffusional search, 
binds to a new tubulin subunit. ADP release from this head is now permitted 
by the backward-extending conformation of the neck linker in this two- 
head-bound state’?**8, 
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consistent with a detached head being positioned near the rear 
tubulin-binding site; Supplementary Fig. 9). 

Our experiments also shed light on how the ATPase cycles in the 
two kinesin heads are coordinated during processive motion. The 
gating model of Alonso et al.*! proposes that the detached head in 
the ‘waiting state’ is parked in front of the bound head but is in a 
conformation that prevents its binding to tubulin. However, tran- 
sient interactions of the ‘detached’ head with the microtubule are 
seen in our low-ADP FRET data (Fig. 1c) and in ATPase kinetic 
measurements made by Hackney”’. Thus, an additional mechanism 
must keep the detached head from progressing through its ATPase 
cycle until its partner head binds ATP. We suggest that the detached 
head, positioned behind the nucleotide-free, microtubule-bound 
head, will not release its bound ADP when it interacts with the rear 
tubulin-binding site. However, ADP release can occur after the 
detached head has been translated to a forward tubulin-binding site 
by ATP-triggered neck-linker docking in the bound partner head. 
This model is also supported by results from Guydosh & Block’®, who 
showed that nucleotide dissociation occurs only when a head is in the 
‘forward’ position. We suggest that this position dependence in the 
ADP dissociation rate is controlled by the conformation of the neck 
linker, with a forward-pointing conformation of this mechanical ele- 
ment inhibiting ADP release in the trailing head (Fig. 4b). Further 
studies will be required for a better understanding of how structural 
states of the neck linker affect transitions in the ATPase cycle. 


METHODS SUMMARY 

DNA cloning and protein purification. Cysteine residues'* and/or mutations 
were introduced into a ‘cysteine-light’ human ubiquitous kinesin-1 dimer 
490 amino-acid-residues long. Heterodimers were prepared by using a coexpres- 
sion vector (one kinesin containing a carboxy-terminal streptavidin tag 
(Strep-tag) and the second with a His, tag) and purified by two-step affinity 
chromatography of nickel-nitrilotriacetic acid and Strep-Tactin'*. Dialysed 
kinesin was reacted for 4h at 4°C with Cy3-maleimide and Cy5-maleimide at 
a motor head/Cy3 dye/Cy5 dye molar ratio of 1:10:10. Unreacted dyes were 
quenched with 1mM dithiothreitol and then removed through microtubule 
affinity purification'’’. The 215-43 and 324-324 dual dye-labelled kinesins 
showed single-molecule processive movement with normal maximal velocity” 
(mean velocities at 1mM ATP concentration were 410+60nms ! 
(mean + s.d.; 1 = 19) for 215-43, and 430+ 80nms_! (n= 26) for 324-324), 
indicating that the substitutions, mutations and dye-labelling did not signifi- 
cantly alter motor activity. 

SmFRET. SmFRET measurements were performed with a custom-built DNs 
type laser-illuminated total-internal-reflection fluorescence microscope’. Dye- 
labelled kinesins were imaged either moving along sea-urchin axonemes in the 
presence of ATP and an ATP-regenerating system” or statically bound in the 
presence of AMP-PNP, ADP (5Uml | hexokinase converted contaminating 
ATP (about 10nM) to ADP), P; (10mM KH,PO,) or apyrase at about 22 °C. 
High concentrations (50 U ml ') of apyrase were required to deplete residual 
ATP and ADP (about 10 nM) completely; with a lower concentration (5 U ml ~ ) 
of apyrase we observed a histogram distribution the peak value of which was 
intermediate between those with 50 U ml! apyrase and 200nM ADP (that is, 
both one-head-bound and two-head-bound states). 
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Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

FRET imaging and data collection. Donor (Cy3) and acceptor (Cy5) dyes were 
excited with an argon laser (514 nm; 35LAP321; Melles Griot) and a diode laser 
(635 nm; Radius 635; Coherent Inc.), respectively. Fluorescence images from 
Cy3 and Cy5 (or FRET) were separated by using a Dual-View (Optical 
Insights) and then projected side-by-side on an electron-multiplying charge- 
coupled device camera (iXon DV860 DCS-BV; Andor). For the static FRET 
measurements, both Cy3 and Cy5 fluorophores were illuminated directly by 
sequential excitation with the argon laser (0.8mW) and the laser diode 
(1.5 mW) at an acquisition rate of 50 frames s_'. Both lasers were used to identify 
molecules that showed little or no FRET (to ensure that the acceptor dye was 
present but not being excited by the donor dye; an example is given in 
Supplementary Fig. 4)'*. For the dynamic FRET measurements, images were 
taken by the excitation with the argon laser (3 mW) at an acquisition rate of 
100 frames. 

Data analysis. Images were analysed with Image J (http://rsb.info.nih.gov/ij/) 
with custom-designed plug-in software. For the static FRET measurements, we 
first identified Cy3—Cy5 dual-labelled motors on axonemes by using the time- 
averaged images (100 frames) for donor and acceptor excitations'*. Axonemes 
that were sparsely coated with fluorescence spots (less than one spot per 2-11m 
microtubule) were used for data analysis to reduce the chance that two distinct 
Cy3 and Cy5 spots happened to localize together on the axonemes within one 
pixel (80 nm). Average FRET efficiencies were determined for each molecule as 
described previously'*. FRET efficiencies were also determined for each frame (in 
both static and dynamic FRET measurements) as described previously’’, except 
that we first applied a three-frame gaussian filter to the intensity traces derived 
from raw images and further applied twice the three-frame gaussian filter to the 
calculated FRET efficiency traces. In the presence of AMP-PNP (under which 
conditions kinesin dimer stably takes a two-head-bound state), the FRET effi- 
ciency was fairly constant and we did not see transition during the observation 
time (about 5s) (Fig. 1c and Supplementary Fig. 4). In this case, we used the 
averaged FRET efficiency of individual molecules to make histograms (only for 
those in Supplementary Fig. 2). In contrast, with other nucleotide conditions 
(ADP, ADP/P; and nucleotide-free) we often saw transitions (between one- 
headed and two-headed states). In these cases, FRET efficiency based on 
individual molecules does not properly represent individual states, so we used 
histograms based on individual frames to highlight each state that the kinesin 
dimer takes and its relative frequency (durations). 

In the dynamic FRET measurements, the centroid positions of the fluor- 
escence spots were tracked by using a gaussian fitting algorithm with images 
applied with ten-frame running averaging. Fluorescence spots that did not show 
clear unidirectional movement were not subjected to further data analysis. 
Transitions to a high-FRET-efficiency state (‘spikes’ for the 215-43 dye pair at 
2 uM ATP) were identified manually as anticorrelated donor—acceptor intensity 
changes that accompanied FRET efficiency changes of more than 0.3. This cutoff 
amplitude of 0.3 was significantly greater than the noise level of FRET efficiency 
in our measurement with the acquisition rate of 100 frames s ! (0.08 + 0.02, 
n= 20), which was estimated as the s.d. of the FRET efficiency fluctuations in 
the traces for 43-215 dyes on one head” moving along axonemes in the presence 
of 24M ATP (Supplementary Fig. 6). The dwell time in the high-FRET state 
(Fig. 3d) was defined as the duration between the midpoints in the ascending and 
descending phases, and the dwell time in the median FRET state was defined as 
the duration between two adjacent transitions to the high-FRET state. The 
accuracy of determining the dwell time was about 10 ms (one frame). 
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naturejobs 


enure isn't what it used to be in the United States. Although the number 
of US university and faculty positions has doubled since 1975, the 


proportion of tenured and tenure-track positions has fallen. Temporary 
‘adjunct’ professors — both full- and part-time — were once the minority 
in public and private universities. Now they make up the majority, according to 
an analysis of US Department of Education data conducted by the American 
Association of University Professors (AAUP). In 1975, adjunct professors made up 
43% of the US faculty. In 2005, they accounted for nearly 70% of professorships. 

This shift to a part-time workforce on short-term contracts could jeopardize 
the quality of US higher education and deter people from pursuing an academic 
career, says Gwendolyn Bradley, spokeswoman for the AAUP. Adjuncts earn a 
small fraction of the salaries paid to tenured or tenure-track staff, often receive 
no benefits and sometimes have no access to office space or administrative help. 
“We're reaching a tipping point where it’s not going to be possible to sustain quality 
higher education — not because part-timers aren't qualified, but because they 
aren't supported,” Bradley says. A decline in state funding for public universities has 
exacerbated the situation. 

But the shift has not gone unnoticed. The American Federation of Teachers, which 
represents 170,000 faculty members, this year sponsored legislation in 11 states to 
redress the imbalance. It wants universities to have 75% of undergraduate courses 
taught by tenured or tenure-track employees, to pay part-timers a proportionate 
salary rather than a fractional salary of full-time faculty (including benefits), and to 
allow adjuncts access to full-time positions once they materialize. 

Some universities are already taking note. The University of Michigan in Ann 
Arbor is upping salaries and benefits for its adjuncts, and Rutgers University in New 
Jersey has pledged to hire 100 tenure-track staff after a labour dispute this summer. 
But US universities require broader, system-wide change to keep them competitive, 


both in terms of educational quality and as a desirable career option. 
Paul Smaglik is the former editor of Naturejobs 
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CELL MATES 


Collaborations are more integral to the life sciences 
than ever — and funders are trying to keep pace. 
Jacqueline Ruttimann reports. 


audenz Danuser is an associate professor at 
the Scripps Research Institute’s cell-biology 
department in La Jolla, California. But he is 
not a cell biologist — Danuser was formally 
trained as an engineer. In the past, when he jointly 
applied for funding from the National Institutes of 
Health (NIH) to study mathematical modelling of 
cellular processes via the agency's standard RO1 grant, 
Danuser would have to come to an agreement with his 
cell-biologist collaborator, as only one could lead the 
grant. But a new programme at the NIH has made his 
task easier and potentially more professionally 
rewarding. The NIH has set up a multiple principal 
investigator (PI) grant, which means that Danuser can 
get official recognition for his efforts. Previously, he says, 
“I was at the mercy of my friends to give me the money.’ 
“The NIH has really taken the lead in putting 
administrative structures into place that will both 
recognize and nurture collaborations,’ says Mary 
Beckerle, former president of the American Society for 
Cell Biology and current member of NIH director Elias 
Zerhounis advisory committee. Crediting multiple 
researchers is especially helpful for young tenure-track 
PIs looking to log experience as independent 
researchers on their curricula vitae, she says. Failure 
to document such accomplishments could “have 
ramifications for his or her academic survival’, says 
Beckerle. Recent fraud cases have highlighted the need 
for co-authors to be clear about accountability (see 
Nature 450, 1; 2007). 


Crossing boundaries 

Interdisciplinary collaborations are encouraged by 
numerous interdisciplinary institutes and centres, and 
are becoming increasingly common — there were five 
times more scientific papers with international 
co-authors in 2005 than in 1985, according to recently 
released figures from the Organisation for Economic 
Co-operation and Development. But finding the right 
funding agency, and the right funding category within 
that agency, can be a challenge. 

Danuser and his collaborator Peter Sorger, a systems 
biologist at Harvard University, are two of the first 
recipients of a multi-PI grant. They are seeking to 
combine advanced image analysis and genetics to study 
proteins in the cell-division complex known as the 
kinetocore. Sorger welcomes the new grant. 

“Tt allows you to fund new things you couldn't do 
otherwise, identify more easily who's doing what and 
figure out if the collaboration was a success,’ he says. 
But he is concerned that the NIH should not view 
multi-PI grants as a way to save money, as the total 
amount is the same as that of the single-PI grants: the 
NIH would be “paying less to fund the same science”. 

Still, Sorger sees the grants as a positive step. “Science 
has a long history of recognizing and glorifying 
individual achievement,’ he says. “We need to move 


"Glue grants are 
an experiment into 
how to support 
science. Other 
investigators may 
feel threatened.” 
— Jeremy Berg 
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to amore sophisticated way in which collaboration is 
recognized, but not to the detriment of the individual” 
Sorger likens collaboration to a strong marriage. “It 
doesn’t just happen, you have to work at it;” he says. 

Indeed, the challenges are many. Despite the success 
of the NIH’s interdisciplinary Specialized Programs of 
Research Excellence (SPORE) grants — started by the 
National Cancer Institute in 1992 — there have been 
pitfalls. SPORE grants have one director who oversees a 
minimum of four research projects, each of which has 
two co-leaders: one for basic research and one for 
clinical research. The grants, which target translational 
cancer research, require a clinical trial at the end of five 
years. It’s been a tough target to meet. And when the 
$2.5-million-a-year SPORE grant is divided up among 
all participants, it works out to less than the average 
RO1 grant, which is typically $220,000 a year. Even so, 
the grants have led to 120 phase I and phase II clinical 
trials and the identification of 110 biomarkers. 

Similar challenges persist with the NIH’s ‘glue grants, 
so called for their effects in holding a disparate group 
together. These large-scale awards, initiated in 2000, 
bring together groups of scientists from different fields 
to work on a project that lasts up to 10 years and is 
outside the purview ofa traditional R01. 

Groups could have difficulty maintaining the 
resources that have been created once the grants have 
expired, says Jeremy Berg, director of the National 
Institute of General Medical Sciences, which started the 
grant. Then there’s the need to find a balance between 
those investigators on the glue grant and the larger 
group of others active in the same field. “Investigators 
may feel threatened by the competition due to the 
activities of the glue grant,’ says Berg, who 
acknowledges that the NIH is actively working to 
explore these issues. 

Berg cites glue-grant successes such as the 
Consortium for Functional Glycomics, through which 
a large collection of biologically relevant carbohydrates 
known as glycans has been collected or synthesized and 
presented on arrays. Investigators can submit requests 
and get help to have their samples screened against these 
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arrays. The results are made public via the Internet, 
enabling other scientists to mine the data for general 
patterns relevant to cell-cell and other interactions. 

Collaborations can make judging grant applications 
tricky. Funders of collaborative interdisciplinary 
research must ensure there is broad enough expertise 
among reviewers of proposals, points out Nicola 
Perrin, policy adviser at biomedical charity the 
Wellcome Trust. The trust’s awards scheme encourages 
interdisciplinary research collaborations involving 
basic scientists, clinicians and non-biologists such as 
mathematicians, physicists, chemists, engineers and 
social scientists. Wellcome also funds interdisciplinary 
centres such as the Wellcome Trust Centre for Cell- 
Matrix Research at the University of Manchester, UK, 
which is currently running projects on matrix 
assembly, adhesion signalling, cell-fate determination 
and tissue regeneration. 

Interdisciplinary translational research projects 
sometimes have a hard time making it to the clinical- 
trials stage in a timely manner, says Richard Seabrook, 
head of business development in the Wellcome Trust’s 
technology-transfer division. To circumvent this, the 
trust provides advisers to help guide projects on at 
different stages in their lifespan. Even just articulating a 
project to funders — given the work’s multifaceted, 
cutting-edge interdisciplinary bent — can be a challenge, 
says Seabrook. From January 2008, to help people 
communicate a project’s method and objectives, the 
Wellcome Trust plans to include presentations as part 
of the grant-application process for translation awards. 

After some disappointing early results, the Human 
Frontier Science Program Organization (HFSPO), an 
international consortium supporting multidisciplinary 
research, had to alter its review process for its multi- 
country grants. Geoff Richards, director of research 
grants, says that many of the first grant applications 
paid only lip-service to the interdisciplinary mission. 
“The review committees have learned to spot projects 
that contain thinly disguised add-ons,’ says Richards. 
The three-year grants fund basic research. Applicants 
must have a lab in one of the HFSPO’s member 


“Scientists return 
to developing 
countries, bringing 
this culture of 
collaboration with 
them.” — Alejandro 
Sanchez Alvarado 
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countries, which include most European countries, 
India, Japan, South Korea, Australia, New Zealand 
Canada and the United States. 

Initially, many HFSPO grant applicants had team 
members often chosen more for their geographical 
location than for any real contribution they could make 
to the project, Richards says. By including committee 
members from, for example, chemistry, physics and 
biocomputing, he says the programme has developed a 
review culture that spots most of the cases in which 
team members are poorly integrated into the proposal. 
To level the playing field, HFSPO grants are divided 
into two separate categories: one for teams of young 
researchers starting out and one for researchers at any 
stage of their career. 


Taking it home 
Scientists in the developing world are often eager for 
collaborations, but can have difficulty finding the right 
mechanism. Venezuelan-born neurobiologist and 
Howard Hughes Medical Institute investigator 
Alejandro Sanchez Alvarado, of the University of Utah 
in Salt Lake City, thanks the Millennium Science 
Initiative (MSI), partly funded by the World Bank, for 
helping him collaborate with scientists in Latin 
America. The initiative aims to help scientists and 
engineers from the developing world to do top-level 
research in their own countries. As Latin American 
scientists who trained abroad move back home to work 
in these specially designed research centres, he says, 
they are “bringing this culture of collaboration with 
them”. Scientists working at MSI centres are 
encouraged to work both in the public and private 
sectors, inside and outside their own fields. 
Cooperation is key to the success of these large 
efforts. A weak investigator could potentially hide 
behind a strong one (see Nature 437, 590-591; 2005). 
Or burnt-out investigators could join less senior 
scientists solely to tap a funding resource. The multi-PI 
grant could help get around such pitfalls, by making it 
harder for one person to represent a large group. 
Proper collaboration may have to come from the 
ground up. “I don’t think you can force collaboration 
top-down by having grant mechanisms,’ says Danuser. 
But the bodies that find effective ways to support 
interdisciplinary collaborations are likely both to gain 
recognition and attract expertise. “Institutions need to 
remain flexible and nimble as the face of science 
changes,” says Beckerle. “They need to figure out how 
to fund the best science with the fewest boundaries.” 
Jacqueline Ruttimann is a freelance writer based in 
Chevy Chase, Maryland. 
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MOVERS 


Richard Myers, director of Hudson-Alpha 
Institute for Biotechnology, Huntsville, 
Alabama 


2002-present: Chair of 
genetics, Stanford University 
School of Medicine, California 
1993-present: Director, 
Stanford Human Genome 
Center, Stanford, California 
1985-93: Associate professor, 
University of California, San 
Francisco 


Richard Myers is no fan of the tenure system. “You have to 
prove yourself individually from day one,” he says. Myers 
also discovered early on that the quest for tenure could put 
undue pressure on one's career choices. During his first 
academic job, as an associate professor at the University 
of California, San Francisco, colleagues warned the young 
biochemist that working with others could damage his 
tenure bid. Nevertheless, Myers began working with his 
colleague David Cox. 

The partnership had the opposite career effect. Myers 
and Cox pioneered the use of genetic signposts called 
radiation hybrids to build a rough blueprint of the human 
genome. This helped geneticists correctly arrange 
sequence data. Developing the technique led both Cox and 
Myers to jobs at Stanford. 

While developing these maps and also working at the 
Stanford Human Genome Center, Myers and Cox nurtured 
another collaboration with Jim Hudson, founder of 
Research Genetics in Huntsville, Alabama. Hudson made 
oligonucleotides, clones and cDNAs for Cox and Myers, 
and Research Genetics distributed these tools to Human 
Genome Project centres free of charge. The partnership 
saved time and money for the genome centres, by reducing 
their reliance on trial and error. 

Hudson sold the company in 2000 to Invitrogen, Cox left 
for the pharmacogenomics company Perlegen, and Myers 
settled into his role running Stanford's genomics centre. 
But soon after, Hudson sought Myers’ help in building a 
non-profit research institution. 

Initially, Myers was reluctant. “I've got a pretty good set- 
up and am pretty happy,” he says. But Hudson eventually 
convinced him. Myers will leave his post as director of the 
Stanford Human Genome Center next year to launch the 
Hudson-Alpha Institute for Biotechnology, a non-profit 
facility based in Huntsville, Alabama. A big selling point 
was the planned focus on collaborations, both within the 
institute and with the 12 or so companies that will be 
housed in the same building. The institute's primary 
research role is applying whole-genome approaches to 
understanding and treating human diseases, an aim that 
necessitates interdisciplinary interactions. 

“Fostering the spirit of collaboration is the whole point of 
how this thing is going to be run,” says Hudson. If all goes as 
planned at the Hudson-Alpha institute, no one will have to 


go it alone — or worry about tenure. | 
Paul Smaglik 
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Authorship accountability 


Christine Beveridge and Suzanne 
Morris have outlined an approach to 
determine the sequence of authors 
ona multi-author paper fairly (see 
Nature 448, 508; 2007). Their criteria 
are based on percentage scores for 
each co-author, taking into account 
aset of items — suchas figures, 
tables, text and ideas — that make 
up amanuscript. There is a 
percentage score for each element 
of the paper. They aim to develop 

a culture of understanding and 
agreement about the relative 
importance of different activities 
before the start of the work, and 

to settle the order of authors at 
manuscript-writing stage. 

But there are situations in which 
alaboratory head or administrative 
boss includes his or her name without 
contributing anything (honorary or 
complimentary authorship), usually 
as the last author, thus misleadingly 
implying a leadership role. Such 
complimentary authors sometimes, 
by virtue of their position, garner 
awards or recognition for the work 
without doing any. Such an author 
might not hesitate to pass the buck 
to the co-authors if some wrong is 
detected. Also, a short-term visiting 
worker sometimes merely receives an 
‘acknowledgement’ for genuine work 
in return for being trained or paid for 


technical work by the group leader. 
This also needs to be addressed when 
determining authorship and sharing 
credit and accountability. 

| would suggest that each author 
receive a quantitative score according 
to relative contribution in terms of 
their percentage input. Credit should 
be earned on the basis of ideas and 
planning, actual experimentation, 
recording of observation, data 
analysis and manuscript preparation. 
All should be given equal weight, and 
the overall cumulative score earned 
by each author taken into account 
to decide on authorship order. The 
percentage of contribution over 
time on the set of scores needs 
to be periodically reassessed and 
calculated, making allowance 
for short-term visitors. A non- 
participating laboratory head would 
be included as the last author only 
if he or she facilitated and verified 
claims made in the paper. He or she 
would also be made accountable in 
the case of disputes. Such an 
arrangement would go along way 
towards maintaining the integrity of 
scientific papers (see Nature 450, 
1; 2007). | 
Umesh Chandra Lavania is a plant 
geneticist and senior scientist at the 
Central Institute of Medicinal and 
Aromatic Plants, Lucknow, India. 
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moving and wait for it to pass. 


Cornell University. 


Double trouble 


| knew that two kids would a challenge, but when both became ill at the same 
time, | was blindsided. It's a call every working parent dreads: “It's the school 
nurse. Your child is sick, please pick him up.” Amazingly, this was topped by a 
second call about the health of my other child. 

| effectively missed a week of work dealing with my toddler's uncontrollable, 
probably virus-induced, fever. At the same time, | was shuttling my baby off to 
the doctor's again and again, only to find out she had yet another ear infection 
and was allergic to another antibiotic. In my agitation to get something 
accomplished at work, | even brought her in to sit with me while | packed seeds 
for my winter plant nursery. This was, not surprisingly, a short-lived endeavour. 
At home, | was ina horrible emotional state, wishing | could help my kids more. 
Unable to get any work done at home or at the lab, | was sleeping even less than 
usual and felt that | was failing in all areas of my life. All | could do was keep 


Of course it did pass and the kids are now healthy. The silver lining was that 
their illnesses didn't cost me more time off, as they happened simultaneously. 
| know these are just growing pains, and | still love the challenges of being a 
parent. | hope that next time, I'll be more prepared and won't miss a step. a 
Moira Sheehan is a postdoc in the Department of Plant Breeding and Genetics at 
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Repeating the past 


A lesson in family history. 


Peter Watts 


What you did to your uncle’s grave was 
unforgivable. 

Your mother blamed herself, as always. 
You didn’t know what you were doing, she 
said. I could accept that when you traded 
the shofar I gave you for that eMotiv head- 
set, perhaps, or even when you befriended 
those young toughs with the shaved heads 
and the filthy mouths. I would never have 
forgiven the swastika on your game pod but 
you are my daughter's son, not mine. Maybe 
it was only adolescent rebellion. How could 
you know, after all? How could any child 
really know, here in 2017? Genocide is 
far too monstrous a thing for history 
books and grainy old photographs 
to convey. You were not there; you 
could never understand. 

We told ourselves you were 
a good boy at heart, that it 
was ancient history to you, 
abstract and unreal. Both of us 
doctors, familiar with the sad 
stereotype of the self-loathing 
Jew, we talked ourselves into 
treating you like some kind 
of victim. And then the police 
brought you back from the cem- 
etery and you looked at us with 
those dull, indifferent eyes, and I 
stopped making excuses. It wasn’t 
just your uncle’s grave. You were spitting 
on six million others, and you knew, and it 
meant nothing. 

Your mother cried for hours. Hadn't 
she shown you the old albums, the online 
archives, the family tree with so many 
branches hacked off mid-century? Hadn't 
we both tried to tell you the stories? I tried 
to comfort her. An impossible task, I said, 
explaining Never Again to someone whose 
only knowledge of murder is the score he 
racks up playing Zombie Hunter all day... 

And that was when I knew what to do. 

I waited. A week, two, long enough to 
let you think I'd excused and forgiven as 
I always have. But I knew your weak spot. 
Nothing happens fast enough for you. 
These miraculous toys of yours — elec- 
trodes that read the emotions, take orders 
directly from the subconscious — they 
bore you now. You've seen the ads for 
Improved Reality”: sensation planted 
directly into the brain! Throw away the 
goggles and earphones and the gloves, 
throw away the keys! Feel the breezes of 
fantasy worlds against your skin, smell the 
smoke of battle, taste the blood of your toy 


monsters, so easily killed! Immerse all your 
senses in the slaughter! 

You were tired of playing with cartoons, 
and the new model wouldn't be out for so 
very long. You jumped at my third option. 
You know, your mother’s working on some- 
thing like that. It’s medical, of course, but it 
works the same way. She might even have 
some sensory samplers loaded for testing 
purposes. 

Maybe, if you promise not to tell, we could 

sneak you in... 


Retired, yes, but I never gave up my priv- 
ileges. Almost two decades since I closed 
my practice but I still spend time in your 
mother’s lab, lend a hand now and then. 
I still marvel at her passion to know how 
the mind works, how it keeps breaking. She 
got that from me. I got it from Treblinka, 
when I was only half your age. I, too, grew 
up driven to fix broken souls — but the 
psychiatrist's tools were such blunt things 
back then. Scalpels to open flesh, words 
and drugs to open minds. Our techniques 
had all the precision of a drunkard stomp- 
ing on the floor, trying to move glasses on 
the bar with the vibrations of his boot. 

These machines your mother has, 
though! Transcranial superconductors, 
deep-focus microwave emitters, Szpindel 
resonators! Specific pathways targeted, 
rewritten, erased completely! Their very 
names sound like incantations! 

I cannot use them as she can. I know 
only the basics. I can’t implant sights 
or sounds, can’t create actual memories. 
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Not declarative ones, anyway. 

But procedural memory? That I can do. 
The right frontal lobe, the hippocampus, 
basic fear and anxiety responses. The rep- 
tile is easily awakened. And you didn't need 
the details. No need to remember my baby 
sister face-down like a pile of sticks in the 
mud. No need for the colour of the sky that 
day, as I stood frozen and fearful of some 
real monster’s notice should I go to her. 
You didn't need the actual lesson. 

The moral would do. 

Afterwards you sat up, confused, then 
disappointed, then resentful. “That was 
nothing! It didn’t even work!” I needed 
no machines to see into your head then. 
Senile old fart, doesn’t know half as much 
as he thinks. And as one day went by, 
and another, I began to fear you 
were right. 

But then came the retching 
sounds from behind the bathroom 

door. All those hours hidden away 
in your room, your game pod 
abandoned in the living room. 
And then your mother came to 
me, eyes brimming with worry: 
never seen you like this, she said. 
Jumping at shadows. Not sleeping 
at night. This morning she found 
you throwing clothes into your back- 
pack — they're coming, they're coming, 
we gotta run — and when she asked who 
they were, you couldn't tell her. 

So here we are. You huddle in the cor- 
ner, your eyes black begging holes that 
cant stop moving, that see horrors in every 
shadow. Your fists bleed, nails gouging the 
palms. I remember, when I was your age. 
I cut myself to feel alive. Sometimes I still 
do. It never really stops. 

Some day, your mother says, her 
machines will exorcise my demons. Doesn't 
she understand what a terrible mistake that 
would be? Doesn't history, once forgotten, 
repeat? Didnt even the worst president 
in history admit that memories belong to 
everyone? 

I say nothing to you. We know each 
other now, so much deeper than words. 

I have made you wise, grandson. I have 
shown you the world. 

Now willhelp you to live withit. 
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